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Operations
Integrated Ocean Drilling Program (IODP) Hole U1415J was sited
in close proximity to Hole U1415I (see F8 in the “Expedition 345
summary” chapter [Gillis et al., 2014b]) because of the scientific
significance of the layered series recovered at the bottom of Hole
U1415I. From the beginning, Hole U1415J was established as a re-
entry hole in a nested free-fall funnel (FFF) configuration with
casing (Fig. F1). Hole operations are summarized in Table T1 and
outlined below. All times are ship local time (UTC – 7 h).

Drilling operations
After our last operation in Hole U1415I, a failed attempt to reen-
ter the hole with a 14¾ inch tri-cone bit, we offset the ship 10 m
north, verified that the seafloor was free of any boulders, and ob-
served the bit tag the seafloor at 4850.0 meters below rig floor
(mbrf). After we recovered the camera system, Hole U1415J was
spudded at 1855 h on 31 December 2012 using a 14¾ inch tri-
cone bit. Drilling proceeded at ~1.2 m/h from 0 to 7 meters below
seafloor (mbsf) and then slowed to ~0.6 m/h until total depth of
4865 mbrf (15 mbsf).

After three wiper trips to clean the hole, we assembled a FFF
around the drill string in the moonpool. The base of the FFF had
an opening of 16 inches, and we did not attach a casing stinger
below the FFF. We dropped the FFF, and the drill string began tak-
ing weight soon after the FFF was deployed. We then spent 11.25
h washing and reaming the bottom 10 m of the hole. After one
last wiper trip, the drill string and the 14¾ inch bit were recov-
ered to the rig floor at 1400 h on 2 January 2013.

A 15 m string of 10¾ inch casing was made up and hung off the
moonpool doors for free-fall deployment. A new 9 7⁄8 inch rotary
core barrel (RCB) bottom-hole assembly (BHA) was made up and
lowered through the casing to the seafloor for reentry. The 16
inch FFF was found buried upright in the cuttings pile of Hole
U1415J; only the upper parts of the rim and deployment shackles
were visible. The FFF was reentered at 0420 h on 3 January and
the camera system was retrieved. The drill string began taking
weight at 9 mbsf and was easily washed down one more meter to
10 mbsf. The cone of a FFF was assembled around the drill string
in the moonpool and connected to the cut-off joint of the 10¾
inch casing that had been previously hung off in the moonpool.
The total length of the casing was 15.0 m from the cone base to
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the end of the casing shoe. The assembly was free-
fall deployed at 0730 h on 3 January.

The hole was washed and reamed to total depth (15
mbsf) and circulated clean with two 25 bbl mud
sweeps. Ghost Core 345-U1415J-2G, containing 0.2
m of rock fragments and two buckets-full of coarse
sand interpreted to be drill cuttings was recovered
from the cleaned interval at 1045 h on 3 January. We
resumed RCB coring and Cores 3R through 5R were
retrieved from 15.0 to 34.9 mbsf. Hole problems re-
quired washing and reaming at ~32 and 34.9 mbsf,
during which ghost Cores 6G and 7G were recovered
by 0200 h on 5 January. Another fresh core barrel
was dropped, and on this attempt the bit made it
easily to total depth (34.9 mbsf), and RCB coring re-
sumed. The hole drilled smoothly, and Core 8R was
recovered from 34.9 to 45.2 mbsf at 0805 h. During
retrieval, the area between 4878 and 4882 mbrf (28
and 32 mbsf) remained problematic and was once
again reamed and conditioned multiple times. RCB
coring resumed at 0900 h, and Core 9R was cut from
45.2 to 55.3 mbsf and arrived on deck at 1355 h on 5
January.

Coring continued through Core 13R, which ex-
tended the hole to 79.4 mbsf. A wiper trip was con-
ducted, and the bit was raised to 6.5 mbsf without
encountering any problems. The bit was then low-
ered back into the hole and took weight at ~37 mbsf.
The driller was able to wash and ream to 45 mbsf.
The bit was lowered and encountered weight again
at 57 mbsf. The driller washed and reamed the hole
to total depth at 79.4 mbsf. The bit was raised off the
bottom of the hole and became stuck at 72 mbsf
with high circulation pressure, no rotation, and no
ability to move the bit up or down. The pipe was
worked for 2.5 h before it was pulled free with 100
klb overpull. The bit was pulled up to 6 mbsf inside
the 10¾ inch casing. The core barrel that was in
place during this wiper trip was recovered (Core
14G), and a new core barrel was dropped.

We decided to use cement to help stabilize the hole.
However, we had not yet observed the nested FFFs
and therefore did not know how far the 15 m of cas-
ing attached to the FFF extended down and into the
borehole. We raised the bit back up into the 10¾
inch casing and deployed the camera system to con-
strain the height of the FFF above seafloor. The top
of the second, “upper” funnel appeared to be ~2 m
above the rim of the first, leaving the casing shoe at
~13 mbsf. After retrieving the camera system, we
wanted to get the bit as deep as possible before ce-
menting. After passing a tight spot at 38 mbsf, we
were able to wash and ream to 57 mbsf. However, we
could not get past this depth and stopped trying at
0800 h on 7 January. At this time, the core barrel
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that was in place during this washing and reaming
was retrieved (Core 15G). We deployed a new core
barrel, washed and reamed back down to 57 mbsf,
and pumped 25 bbl of cement that contained 0.25
lb/sack of lost-circulation material. After the cement
was in place, we raised the bit up to 15 mbsf and the
10¾ inch casing was flushed to remove any cement
from this area. The bit was then pulled out of the
hole, and the drill string was flushed to clear out any
remaining cement residue. We slipped and cut 115 ft
of drill line and then retrieved the drill string. The
bit was back on the rig floor at 2315 h on 7 January.

We then assembled a new BHA with a 9 7/8 inch tri-
cone bit for drilling out the cement. This bit does
not recover core but has a more robust cutting struc-
ture for reaming and clearing operations. The drill
string was lowered to the seafloor, and we reentered
Hole U1415J at 1130 h on 8 January. After recovering
the camera system, the bit was run to 57 mbsf before
encountering fill, without any evidence of cement.
The hole was reamed once again to 77 mbsf and
swept with high-viscosity mud. The bit was pulled
up to 14 mbsf for a wiper trip and then lowered back
down to 76 mbsf. The bit was then positioned at 63
mbsf, and a second remedial cement job was per-
formed using 35 bbl of cement. During the cement
job, the bit was lowered to 71 mbsf. After the cement
was pumped, the bit was raised up to the casing
shoe, and the 10¾ inch casing was flushed to ensure
that no cement remained in this interval. The bit
was pulled clear of the seafloor, and the drill string
was circulated to flush any remaining cement from
the pipe.

Because we wanted to drill out the cement with the
same bit, we had to wait for the cement to harden.
While waiting for this to happen, we conducted a
near-bottom camera and 3.5 kHz pinger survey of
two other potential drill sites (see the “Bench site
survey” chapter [Gillis et al., 2014a]). At the comple-
tion of the survey, we reentered Hole U1415J at 2215
h on 9 January. We felt that the cement still needed a
little more time to harden, so we kept the bit in the
10¾ inch casing until 0630 h. On lowering the bit
into the hole, we encountered the same obstruction
at ~35 mbsf, but it was easily passed. This time, the
bit encountered cement at 63 mbsf, which we drilled
out to 73 mbsf. Several hours were required to drill
back down to the total depth of the hole (79.4 mbsf).
Little advancement could be made until we signifi-
cantly reduced the pump strokes to ~30 strokes/min,
which allowed the bit to advance to the bottom of
the hole. Each time a mud sweep was pumped, clear
pump pressure changes were observed, suggesting
that the cuttings might now be getting circulated out
of the hole. We then drilled 5 m of new hole (to 84.4
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mbsf) without coring in an unsuccessful attempt to
reach a more competent formation. At this point, we
decided to retrieve the drill string to switch back to
an RCB coring BHA. The bit was back on the rig floor
at 0600 h on 11 January.

We assembled a new BHA with a 97⁄8 inch RCB coring
bit, lowered it to the seafloor, and reentered Hole
U1415J at 1700 h on 11 January. The bit began to
take weight at the normal 35 mbsf but was able to
pass through quickly. The hole was then washed and
reamed, reaching the bottom of the hole (84.4 mbsf)
at 0130 h on 12 January. The core barrel used during
this reaming (Core 17G) was recovered and on deck
at 0230 h on 12 January. We dropped a new core bar-
rel and resumed RCB coring. Core 18R advanced
from 84.4 to 89.1 mbsf. All drilling parameters ap-
peared stable and good. Initial indications were that
the two remedial cement jobs were successful and
that the cuttings were now being expelled from the
hole. New fill on bottom between cores appeared to
be from the immediate formation being drilled into
and not from uphole. Core 19R was advanced from
89.1 to 94.1 mbsf. Coring parameters remained rea-
sonably constant and the penetration rate was ini-
tially 2.5 m/h but jumped to 5.0 m/h midway
through cutting Core 19R.

After recovering Core 19R, we encountered chal-
lenges getting back to the bottom of the hole. Once
we did, however, Cores 20R and 21R were cut from
94.1 to 101.8 mbsf and recovered 1.58 m (21%). Hole
conditions continued to be problematic, and we con-
ducted a wiper trip up to 74 mbsf that encountered
tight spots at 82 and 86 mbsf. Core 22G was recov-
ered from this reamed interval (between 82 and
101.8 mbsf). After eventually getting back to bottom,
Core 23R extended 2 m into new formation (101.8–
103.8 mbsf). Once again, we had challenges washing
and reaming back to the bottom of the hole (103.8
mbsf). In the end, we were unable to get completely
back to bottom and our pump pressures remained
abnormally high, leading us to suspect that one or
more bit nozzles were plugged. We decided to at-
tempt cementing the lower 20 m of the hole (our
third cement job in this hole) and then retrieve the
drill string to replace the bit while the cement hard-
ened. Before pumping the cement, we retrieved Core
24G. After positioning the bit at 96 mbsf, we pumped
12.5 bbl of cement. The bit was raised to 76 mbsf
while pumping the cement. The bit was then pulled
to 15 mbsf so that any cement remaining in the cas-
ing/FFF could be circulated out. We pulled the bit out
of the hole at 1605 h on 13 January. The drill string
was then flushed of any remaining cement, and the
bit was back on the rig floor at 0135 h on 14 January.
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A new RCB (C-7) bit with a mechanical bit release
(MBR) was assembled to the bottom of the BHA. We
also added a fourth stand of drill collars to the BHA.
After tripping to the seafloor, operations were put on
hold while a slip and cut of the drill line was com-
pleted. We reentered Hole U1415J at 1542 h on 14
January. Once the camera system was back on board,
the driller commenced lowering the pipe into the
hole. The drill string took weight at 36 mbsf but was
able to pass this interval relatively easily. The bit en-
countered cement at 78 mbsf and was drilled out to
99 mbsf (3 m below the bit depth when cementing).
We washed and reamed the rest of the way back
down to the bottom of the hole (103.8 mbsf). After
we retrieved the core barrel that was in place while
washing and reaming from 99.0 to 103.8 mbsf (Core
25G; 0.48 m recovered), we resumed RCB coring.
While cutting Core 26R (103.8–111.8 mbsf), the first
4.2 m drilled at a slow 1.3 m/h, but the last 3.8 m
was penetrated in <3 min. Core 26R was recovered
on deck at 0830 h on 15 January. While retrieving
the core, the drill pipe became stuck. We tried to free
the drill string for >1 h before deciding to release the
bit as the next step in freeing the drill string. When
lowering the MBR shifting tool with the sinker bars
to release the bit, we attached the core orientation
(FlexIT) tool so we could determine the hole inclina-
tion. We had to offset the ship ~260 m (~5% of water
depth) to lower a tool joint down nearly 8 m to the
rig floor so that the core barrels could be removed
and the shifting/FlexIT tools deployed. Our attempt
to shift the MBR sleeve and release the bit was unsuc-
cessful, so we retrieved the shifting tool. Data from
the FlexIT tool indicated the hole was ±3° from verti-
cal. This put to rest one proposed theory that we had
been tracking down a high-angle fault and might
never drill out of the fractured material. On our sec-
ond attempt to release the bit, we added a core barrel
to the shifting tool and pumped it down to the bit at
70 strokes/min. The sinker bars were then run into
the hole to retrieve the shifting tool and release the
bit. However, before the sinker bars reached the core
barrel, the drill string worked itself free. The sinker
bars were recovered, leaving the core barrel and
shifting tool in place. If we had recovered the core
barrel, the sleeve would have shifted, leaving the bit
and MBR in the hole. Once the pipe was free, we
were able to pull the drill string, and the bit was back
on the rig floor at 0130 h on 16 January. Because of
the continually problematic and deteriorating hole
conditions and the diminishing return on recovering
core samples for science, the decision was made to
abandon Hole U1415J and move to a different loca-
tion.
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Igneous petrology
Ninety-one lithologic intervals were identified in the
cored sections in Hole U1415J. In addition, 72 litho-
logic intervals were identified in the ghost cores. Ta-
ble T2 lists these lithologic intervals and their divi-
sion into three units and two clusters of ghost cores.
The distribution of the principal lithologies within
each unit and ghost cluster recovered from Hole
U1415J as well as their relative position within the
hole are shown in Figure F2. Analyses of cored gab-
broic rock of Hole U1415J (excluding cataclasites and
chromitites) revealed primitive compositions with
Mg# (100 × cationic Mg/[Mg + Fe] with all Fe recalcu-
lated as Fe2+) varying between 78.6 and 87.4 (see
“Inorganic geochemistry”). The upper three cores
(345-U1415J-2G through 4R) are interpreted to rep-
resent a surficial zone of rubble, defined as lithologic
Unit I. 

Two further units were defined based on lithologic
and structural constraints. Unit II (Cores 345-
U1415J-5R through 9R) is, in general, a layered series
dominated by the presence of clinopyroxene
oikocrysts in gabbroic rock (Oikocryst-Bearing Lay-
ered Gabbro Series in Fig. F2). Unit II consists of
oikocrystic-bearing troctolite (36%), gabbro (29%),
oikocryst gabbro (12%), olivine gabbro (11%), and
gabbronorite (9%), plus minor troctolite (non-
oikocryst bearing) and basalt. 

Unit III (Cores 345-U1415J-10R through 26R) is char-
acterized by the presence of equigranular troctolites
and olivine gabbro and the virtual absence of clino-
pyroxene oikocrysts (Troctolite Series in Fig. F2). The
majority of this unit is troctolite (57%), but it also in-
cludes olivine gabbro (39%) plus minor heavily al-
tered chromitite and basalt. Because of the overall
low recovery in Hole U1415J (16%), a coherent
lithostratigraphic column for this hole is not possi-
ble. However, we identified “packages” of probably
coherent gabbroic lithologies, which are shown, in-
cluding short summaries on their petrographic prop-
erties in Figure F3.

Based on lithologic and structural constraints and on
the position within the hole, ghost cores were
grouped into two clusters. Core 345-U1415J-2G was
included in the rubble zone of Unit I at the top of
the hole. Cores 6G, 7G, and 15G define ghost Clus-
ter 1, which contains mainly rock from the cored in-
terval of Unit II. Cores 14G, 17G, 22G, 24G, and 25G
define ghost Cluster 2, which contains mainly rock
from the cored interval of Unit III. The distributions
of principal lithologies within the two ghost core
clusters are also shown in Figure F2. Moreover, based
Proc. IODP | Volume 345
on lithologic constraints, the first four pieces within
Section 345-U1415J-23R-1 were interpreted as rubble
because the RCB drill bit was used for cleaning the
upper part of the hole before the hole advanced to
recover Core 345-U1415J-23R.

Below are macroscopic and, where available, micro-
scopic lithologic descriptions for the principal lithol-
ogies recovered in Hole U1415J and presented in the
distribution graphs of Figure F2. The interval num-
bers from which these rocks were recovered are given
in Table T2. For some thin sections from Hole
U1415J, two or three different lithologic domains
were defined. Table T3 lists the corresponding thin
sections, the number and nature of the individual
domains, and the characteristics of the contact be-
tween the domains, as well as a link for the corre-
sponding image of the thin section with the domain
boundaries marked.

Gabbro
Several intervals containing gabbro as the principal
lithology were recovered from all three units of Hole
U1415J (Table T2; Fig. F2). Gabbro in Hole U1415J
often displays magmatic foliation defined by tabular
plagioclase crystals and to a lesser extent by the ori-
entation of prismatic olivine and clinopyroxene (see
“Structural geology”). Gabbro in Hole U1415J is
generally layered, showing centimeter- to decimeter-
scale layering defined by differences in modal miner-
alogy and sometimes in grain size (for details see
“Structural geology,” e.g., Fig. F60).

Gabbro 
Gabbro (sensu stricto) occurs in Units I and II. The
gabbro is fine to medium grained and has equigranu-
lar granular texture (Fig. F4). The primary mineral-
ogy of the gabbro is dominated by plagioclase (55%–
75%) and clinopyroxene (25%–45%), with trace
amounts of olivine, orthopyroxene, and oxide. Pla-
gioclase is euhedral to subhedral with a tabular
habit, whereas clinopyroxene is anhedral with a sub-
equant habit.

Olivine-bearing gabbro
Olivine-bearing gabbro occurs in Units I and II and
ghost core Clusters 1 and 2. This gabbro ranges from
fine to coarse grained and is dominantly equigranu-
lar granular in texture (Fig. F5). The primary miner-
alogy is olivine (1%–5%), plagioclase (48%–73%),
and clinopyroxene (25%–50%), with trace amounts
of orthopyroxene and oxide. Olivine is euhedral to
anhedral with a range of habits (subequant, amoe-
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boid, and skeletal). Plagioclase is euhedral to subhe-
dral with tabular habit. Clinopyroxene is anhedral
with subequant to poikilitic habit.

Orthopyroxene-bearing gabbro
Orthopyroxene-bearing gabbro occurs as a single in-
terval in Unit II (Interval 17). The gabbro is medium
grained and equigranular granular and consists of
subhedral to anhedral amoeboid olivine (3%), euhe-
dral to subhedral tabular plagioclase (66%), anhedral
subequant to poikilitic clinopyroxene (30%), and
subhedral prismatic orthopyroxene (1%), with trace
amounts of oxide. Photomicrographs showing de-
tails of orthopyroxene-bearing assemblages are pre-
sented in “Descriptions of igneous boundaries.”

Olivine gabbro
Olivine gabbro
Olivine gabbro was recovered from all three units
and from the ghost clusters (Table T2; Fig. F2). Oli-
vine gabbro is dominantly medium grained, displays
equigranular granular to granular-poikilitic textures,
and consists of olivine (5%–30%), plagioclase (45%–
70%), and clinopyroxene (5%–45%), with trace
amounts of orthopyroxene (Units I and II) and ox-
ides. Olivine gabbro typically exhibits magmatic foli-
ation defined by the tabular plagioclase crystals and
to a lesser extent by aligned olivines and clinopyrox-
enes (see “Structural geology”). Olivine is subhedral
to euhedral with amoeboid habit (Fig. F6), tabular
plagioclase is euhedral to subhedral, and clinopyrox-
ene is anhedral and dominantly subequant, and of-
ten poikilitic (Figs. F6, F7). One remarkable texture is
present in Unit III (Interval 59), where a single, sev-
eral centimeter–sized clinopyroxene (optically con-
tinuous across the entire thin section) is poikilitic in
the olivine gabbro but interstitial to the adjacent
troctolite of Interval 58 (Figs. F8, F64A, F64C, F68). 

Orthopyroxene-bearing olivine gabbro
Orthopyroxene-bearing olivine gabbro occurs as two
intervals (Intervals 51 and 57) in Unit II. These gab-
bros are medium grained and equigranular granular
and consist of subhedral to anhedral amoeboid oli-
vine (3%), euhedral to subhedral tabular plagioclase
(60%–65%), anhedral subequant clinopyroxene
(22%–26%), and anhedral subequant to interstitial
orthopyroxene (3%–4%).

Olivine-bearing gabbronorite
Olivine-bearing gabbronorite was found only in Unit
II in Sections 345-U1415J-5R-1 and 5R-2 (Table T2;
Fig. F2). The olivine-bearing gabbronorite is me-
dium- to coarse-grained rock with equigranular gran-
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ular texture and displays foliation defined by tabular
plagioclase crystals and to a lesser extent by aligned
olivine and clinopyroxene (Fig. F9) (see “Structural
geology”). Olivine-bearing gabbronorite typically
consists of olivine (2%–5%), plagioclase (60%–65%),
clinopyroxene (25%–28%), and orthopyroxene (5%–
10%); no oxide is present. Olivine is subhedral to an-
hedral with amoeboid habit, plagioclase is euhedral
to subhedral with tabular habit, clinopyroxene is an-
hedral with poikilitic habit, and orthopyroxene is
subequant with prismatic habit.

Oikocryst-bearing troctolite
Abundant clinopyroxene oikocryst-bearing troctolite
and minor troctolite without oikocrysts are distinc-
tive rock types making up lithologic intervals in
Units I and II (Table T2; Fig. F2). Troctolite is me-
dium-grained, seriate poikilitic granular rock with
well-developed magmatic modal layering and folia-
tion (see also “Structural geology”). In some sam-
ples, a strong grain size contrast exists between min-
erals in the troctolitic matrix and chadacrysts in
large clinopyroxene oikocrysts. A spectacular exam-
ple is shown in Figure F10 (Unit II, Interval 49). The
strong magmatic foliation is formed by the align-
ment of tabular plagioclase and elongated olivine.
Troctolite consists of olivine (10%–42%), plagioclase
(45%–70%), and clinopyroxene oikocrysts (3%–35%;
0% in minor troctolite), with trace amounts of oxide
(possibly Cr-spinel) and orthopyroxene. Olivine is
fine grained and subhedral to anhedral with an elon-
gated, irregular amoeboid habit. Plagioclase is fine
grained and subhedral to euhedral with tabular
habit. Large clinopyroxene oikocrysts (as large as 15
mm in diameter) are anhedral and poikilitic with a
distinctive population of irregularly shaped plagio-
clase chadacrysts (Fig. F11). The plagioclase chadac-
rysts are randomly oriented within the oikocrysts, in
contrast to the surrounding foliated plagioclase fab-
ric. Many of the plagioclase chadacrysts are de-
formed. Olivine is absent as a chadacryst phase. 

Oikocryst gabbro
Oikocryst gabbro (including minor intervals of clino-
pyroxene oikocryst-bearing olivine gabbro) occurs in
Units I and II (Table T2; Fig. F2). Note that Unit III
contains very minor to no oikocrysts. Oikocryst gab-
bro, together with clinopyroxene oikocryst-bearing
troctolite, is a very distinctive lithology recovered in
Unit II (Fig. F12). Oikocryst gabbro is medium-
grained, seriate poikilitic granular rock and consists
of olivine (<1%–15%), plagioclase (30%–60%), and
clinopyroxene (40%–55%). Olivine is subhedral to
anhedral with amoeboid habit. Plagioclase is euhe-
dral to subhedral with tabular habit. Plagioclase
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chadacrysts within the clinopyroxene oikocrysts are
subhedral to anhedral, tabular, and sometimes show
continuous or patchy zoning. Clinopyroxene is an-
hedral and oikocrystic. For the definition of
oikocryst gabbro, as well as an explanation of the
differences between oikocrysts and poikilitic clino-
pyroxene, see “Igneous petrology” in the “Meth-
ods” chapter (Gillis et al., 2014e).

Troctolite
“Normal” troctolite (without clinopyroxene
oikocrysts) occurs in the cores of Unit III as well as in
ghost Cluster 2 (Table T2; Fig. F2). Troctolite in Unit
III is easily distinguishable from that in Unit II be-
cause of its coarser grain size, weak foliation, lack of
clinopyroxene oikocrysts, and distinctive alteration
(Fig. F13). Troctolite consists of olivine (20%–80%),
plagioclase (20%–75%), clinopyroxene (<1%–10%),
and trace amounts of oxide (possibly Cr-spinel). Oli-
vine is euhedral to subhedral with subequant to
amoeboid habit. Plagioclase is euhedral to anhedral
with tabular habit. Clinopyroxene is anhedral with
interstitial habit. Troctolite shows only sparse mag-
matic layering, and most of it exhibits foliation de-
fined by plagioclase and olivine shapes (for details
see “Structural geology”).

Dolerite
Several doleritic lithologic intervals were recovered
from Unit I of Hole U1415J (Table T2; Fig. F2). Some
of the recovered pieces are shown Figure F14.

Olivine-bearing dolerite
Olivine-bearing dolerite occurs only in Unit I (Inter-
val 2) and is very fine grained and equigranular with
granular texture. Modally, plagioclase and clinopy-
roxene each comprise ~50% of the rock. Plagioclase
forms euhedral to subhedral laths, with interstitial
clinopyroxene. Olivine-bearing dolerite in this inter-
val contains ~5% euhedral to subhedral subequant
olivine.

Dolerite 
Dolerite only occurs in ghost cores in Unit I (Inter-
vals G2 and G3) and as a dike rock in a cataclasite in
Unit III (Interval 74) as very fine grained equigranu-
lar rock with textures ranging from intergranular to
subophitic. Modally, plagioclase and clinopyroxene
each comprise ~50% of the rock. Plagioclase forms
euhedral to subhedral laths, whereas clinopyroxene
is anhedral and interstitial to subophitic (Fig. F15).
Proc. IODP | Volume 345
Doleritic gabbro
Doleritic gabbro only occurs in Unit I (Interval 4) as
fine-grained rock with equigranular, doleritic tex-
ture. Modally, plagioclase and clinopyroxene each
comprise ~50% of the rock. Plagioclase forms euhe-
dral to subhedral laths, whereas interstitial clinopy-
roxene is anhedral.   

Basalt
Several basaltic lithologic intervals were recovered
from all three units in Hole U1415J (Table T2; Fig.
F2).

Aphyric basalt
Aphyric basalt occurs in Unit I (Intervals 3, G1, and
G4), Unit II (Interval 56), and Unit III (Interval G56)
and contains <1% phenocrysts of euhedral to subhe-
dral plagioclase laths and euhedral to subhedral sub-
equant olivine phenocrysts (Figs. F14, F15).

Moderately olivine phyric basalt
This lithology interval only occurs in Unit III (Inter-
val 70) and ghost core Interval G59 and contains eu-
hedral to subhedral olivine (6%–7%) and subhedral
subequant Cr-spinel as phenocrysts (<1%) (Figs. F14,
F15). 

Completely altered chromitite
Chromitite was recovered from intervals in Unit III
(Table T2; Fig. F2) and is completely altered, making
it difficult to establish its primary mineralogy and
texture (see “Chromitite”).

 Detailed description of coherent gabbroic 
lithologies in Units II and III

Two units have been defined based on lithologic and
structural constraints, which are interpreted to repre-
sent two lithologically different series of coherent
gabbroic rock and are interpreted as variably layered
sequences (layering is prominent in Unit II and
sparse in Unit III) with boundaries based on changes
in mineral mode and/or grain size. The boundaries
are described in the next section. Here, we character-
ize the lithologic features of the rock, which are sum-
marized in Figure F3. 

The characteristic feature of Unit II is magmatic lay-
ering with respect to modal composition and grain
size between troctolite and minor gabbro (for details
see “Structural geology”). Because of the presence
of clinopyroxene oikocrysts, this unit was named the
Oikocryst-Bearing Layered Gabbro Series (Fig. F2).
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Typical textural features of this unit are shown in
Figure F16. Of all recovered rocks in Unit II, 48% are
clinopyroxene oikocryst-bearing rocks. These rocks
show centimeter-sized, roundish or elongated clino-
pyroxene oikocrysts within a troctolitic or olivine
gabbroic matrix. 

Unit III is characterized by the dominance of equig-
ranular troctolite. An apparent feature of Unit III is
the virtual absence of clinopyroxene oikocrysts and
the dominance of equigranular, granular troctolite
and olivine gabbro which comprise 90% of the re-
covered rocks. Because troctolite is the most com-
mon rock, this is named the Troctolite Series (Fig.
F2). The dominant rock type in this unit is homoge-
neous troctolite, which is characterized by the vir-
tual absence of layering. 

Typical textural features of rocks of Units II and III
are shown in Figure F16. In Figure F17, the depth log
for the modal compositions and mineral grain sizes
for both units shows the clinopyroxene-rich nature
of Unit II and the general impoverishment of clino-
pyroxene in Unit III. Because of the overall low re-
covery of Hole U1415J (16%), a coherent lithostrati-
graphic column for Units II and III is not possible.
However, we identified packages of probably coher-
ent gabbroic lithologies. 

Unit II: Oikocryst-Bearing Layered Gabbro 
Series
Unit II contains six distinct packages of rock that
were grouped based on similar lithology or mineral-
ogy (Fig. F3). Typical textural features of the rock re-
covered in this unit are the presence of magmatic fo-
liation, modal layering, and clinopyroxene
oikocrysts. Core 345-U1415J-5R contains two pack-
ages: (1) oikocryst-bearing and (2) orthopyroxene-
bearing. The oikocryst-bearing package is 0.93 m
thick and contains two troctolite intervals (Intervals
19 and 24), two olivine gabbro intervals (Intervals 21
and 22), and a gabbro interval (Interval 20), all of
which are oikocryst bearing. The orthopyroxene-
bearing package is 0.85 m thick. The majority of this
interval is gabbronorite (Intervals 25, 27, 30, and 32)
but it also includes troctolite (Intervals 28, 29, and
32), and olivine gabbro (Interval 26). Core 345-
U1415J-8R contains three packages: (1) olivine-bear-
ing, (2) olivine-rich, and (3) olivine-bearing gabbro.
The olivine-bearing package is 2.53 m thick and con-
sists of four troctolite intervals (Intervals 35, 37, 40,
and 41) and three olivine gabbro intervals (Intervals
34, 36, and 39); one gabbro interval (Interval 38) is
also included in this package. The olivine-rich pack-
age is 0.63 m thick and consists of one olivine gab-
bro interval (Interval 43), one gabbro interval (Inter-
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val 46), and three troctolite intervals (Intervals 44,
45, and 47). The olivine-bearing gabbro package is
1.1 m thick and consists of two intervals that have
olivine-bearing gabbro lithologies (Intervals 48 and
50). Core 345-U1415J-9R contains only one pack-
age, which is olivine-rich and 0.86 m thick. This
package consists of troctolite (Interval 52), olivine
gabbro (Interval 54), and olivine-bearing gabbro (In-
tervals 53 and 55). Figure F3B displays the average
modal composition for each of the packages and the
size range for dominant mineral assemblage in the
packages.

Unit III: Troctolite Series
The Troctolite Series of Unit III consists of three
packages: (1) troctolite with olivine gabbro, (2) troc-
tolite, and (3) olivine gabbro (Fig. F3). The majority
of the troctolite with olivine gabbro package consists
of five troctolite intervals (Intervals 58, 60, 61, 62,
and 66), with olivine gabbro also included in this
package (Intervals 59, 63, 64, and 65). This is the
thickest (20.1 m) package of rock in Hole U1415J.
The troctolite package consists only of troctolite and
is 9.2 m thick (Intervals 71, 72, 73, and 75). The oli-
vine gabbro package is only olivine gabbro (Interval
78) and is 1.5 m thick. Figure F3B displays the aver-
age modal composition for each of the packages and
the size range for each mineral in the packages. 

 Descriptions of igneous boundaries
Within Units II and III, eight different types of igne-
ous boundaries were recovered in Hole U1415J, for
which thin sections are available. The thin sections
enable microscopic characterization of the bound-
ary, which mostly separates two different igneous
lithologies as a consequence of changes in mode
and/or grain size, and mostly corresponds to differ-
ent magmatic layers, as defined macroscopically. De-
tails on each of these boundaries and the corre-
sponding microphotographs are presented as follows
(Table T4). 

Interval 27/28 (Thin Section 38)
The boundary in Sample 345-U1415J-5R-1, 129–143
cm (Piece 18), is defined as a grain size and modal
boundary that is sutured and subparallel to the folia-
tion (Fig. F18). The modal composition is clearly dif-
ferent between the olivine- and orthopyroxene-bear-
ing gabbro domain (Interval 27) and the troctolite
(Interval 28) domain. The grain size of the olivine-
and orthopyroxene-bearing gabbro is coarser than
the troctolite. Minerals are continuous through the
boundary.
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Interval G20/G21 (Thin Section 40)
The boundary in Sample 345-U1415J-7G-1, 26–34
cm (Piece 5), is defined as a grain size and modal
boundary that is sutured and subparallel to the folia-
tion (Fig. F19). The modal composition is clearly dif-
ferent between the clinopyroxene oikocryst-bearing
troctolite domain and the gabbronorite domain. The
grain size of the gabbronorite (Interval G21) is
coarser than the clinopyroxene oikocryst-bearing
troctolite (Interval G20), except for clinopyroxene
oikocrysts. Minerals are often continuous through
the boundary.

Interval G30 (Thin Section 42)
The boundary in Sample 345-U1415J-7G-1, 91–94
cm (Piece 14), is defined as a grain size and modal
boundary that is sutured and subparallel to the folia-
tion (Fig. F20). The modal composition is clearly dif-
ferent between the troctolite domain and the clino-
pyroxene oikocryst-bearing troctolite domain. The
grain size of the clinopyroxene oikocryst-bearing
troctolite is coarser than the troctolite. Minerals are
continuous across the boundary. Both domains are
assigned to Interval G30 (clinopyroxene oikocryst-
bearing troctolite). 

Interval 42/43 (Thin section 52)
The boundary in Sample 345-U1415J-8R-2, 105–122
cm (Piece 9), is defined as a grain size and modal
boundary that is sutured and subparallel to the folia-
tion (Fig. F21). The modal composition is clearly dif-
ferent between the olivine gabbro domain (Interval
43) and the olivine-bearing gabbro domain (Interval
42). The grain size of the olivine-bearing gabbro is
coarser than the olivine gabbro. Minerals are contin-
uous across the boundary.

Interval 48 (Thin Section 54) 
The boundary in Sample 345-U1415J-8R-3, 31–41 cm
(Piece 6), is defined as a grain size and modal bound-
ary that is sutured and subparallel to the foliation
(Fig. F22). The modal composition is clearly different
between the gabbro domain and the olivine gabbro
domain. The grain size of the olivine gabbro is
coarser than the gabbro. Minerals are continuous
across the boundary. Both domains are assigned to
Interval 48 (olivine-bearing gabbro).

Interval 58/59 (Thin Section 58)
The boundary in Sample 345-U1415J-10R-1 39–55
cm (Piece 6B), is defined as a grain size and modal
boundary that is gradational and subparallel to the
foliation (Fig. F23). The clinopyroxene in the olivine
gabbro domain (Interval 59) is oikocrystic and con-
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tinuous through the troctolite domain (Interval 58),
but the modal composition is clearly different be-
tween the troctolite domain and the olivine gabbro
domain. The grain size of the olivine gabbro is
coarser than the troctolite, except for the clinopy-
roxene oikocryst. 

Interval 73 (Thin Section 72)
The boundary in Sample 345-U1415J-18R-1, 141–
146 cm (Piece 17B), is defined as a grain size and
modal boundary that is sutured and subparallel to
the foliation (Fig. F24). The modal composition is
clearly different between the olivine-rich troctolite
domain and the troctolite domain. The grain size of
the troctolite is coarser than the olivine-rich trocto-
lite. Minerals are continuous across the boundary.
Both domains are assigned to Interval 73 (troctolite).

Interval G69 (Thin Section 85)
The boundary in Sample 345-U1415J-25G-1, 30–38
cm (Piece 5), is defined as a modal boundary that is
sutured and subparallel to the foliation (Fig. F25).
The modal composition is different between the oli-
vine-bearing gabbro domain and the gabbro domain.
Interfingering texture of clinopyroxene grains is ob-
served along the boundary (Fig. F25D). The clinopy-
roxene of the gabbro intrudes into the clinopyrox-
ene of the olivine-bearing gabbro and contains
orthopyroxene blebs. Minerals are continuous across
the boundary. Both domains are assigned to Interval
G69 (olivine gabbro).

Boundary interpretation
The boundaries recovered in Hole U1415J are mainly
sutured or gradational; no sharp boundaries were ob-
served. This description implies that the boundaries
were formed at the interface between magmas that
were both hypersolidus. Mineral continuity across
the boundaries was induced by further crystalliza-
tion after the magmas were juxtaposed. The lack of
chilled margins at the boundaries in Hole U1415J
implies that the magmas were near thermal equilib-
rium.

 Significance of orthopyroxene
The presence and abundance of orthopyroxene as a
crystallizing phase is similar in Unit II of Holes
U1415I and U1415J. Its significance (see the “Hole
U1415I” chapter [Gillis et al., 2014d]) is related to
the widespread perception that orthopyroxene in
the ocean crust is limited to the late stages of crystal-
lization. Mohorovicic discontinuity–crossing melts
are generally considered to be undersaturated in or-
thopyroxene because orthopyroxene is almost never
8
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observed as a crystallizing phase in mid-ocean-ridge
basalt (MORB), nor is it observed in experiments on
dry MORB composition (e.g., Stolper and Walker,
1980; Grove and Bryan 1983). At the same time, the
defining literature on the lower crustal sections of
the Oman ophiolite, which is regarded as the best
example for an ancient fast-spreading oceanic rift
system, in those areas not affected by the so-called
late-stage magmatism (e.g., Lippard et al., 1986) de-
clare definitively that prismatic orthopyroxene is
generally not observed (e.g., Pallister and Hopson,
1981) except in the uppermost evolved gabbro. The
discovery of orthopyroxene in mafic lithologies in
high quantities in the lower crustal section at Hess
Deep is a novel finding, although the presence of or-
thopyroxene in one primitive gabbro sample from
Hess Deep was reported by Coogan et al. (2002).

Three factors are critical to understanding the role of
orthopyroxene in this rock. First, orthopyroxene is
stabilized relative to clinopyroxene by pressure and
oxidizing conditions (Feig et al 2006, 2010). Second,
water in the magma destabilizes orthopyroxene in
favor of clinopyroxene (Feig et al., 2006, 2010).
Third, contrary to the conclusions of Pallister and
Hopson (1981), orthopyroxene is found in the
Oman lower crustal section (Abily, 2011) in similar
abundance and occurrence to that in Holes U1415H–
U1415J at Hess Deep. Although this may be related
to initiation of subduction, the parallel to the occur-
rence observed here is striking.

Clinopyroxene textures and the origin
of oikocrysts in troctolites in Hole U1415J

The textures of clinopyroxene observed in Hole
U1415J gabbro are remarkable for their complexity
and diversity. We observed a range of textural habits
from interstitial, intergranular, and subophitic to
ophitic, sometimes all within the same thin section.
Despite this complexity, in a broad sense the ob-
served textures in gabbro vary between two end-
members. The first end-member is a relatively me-
dium grained equigranular gabbro containing dis-
crete, relatively equant nonpoikilitic granular clino-
pyroxene. The second end-member is a relatively
coarse grained, strongly seriate gabbro with very
large pyroxene oikocrysts, charged with chadacrysts
forming what appears to be a continuous intercon-
necting network of grains (see a definition for
oikocryst and poikilitic clinopyroxene in “Igneous
petrology” in the “Methods” chapter [Gillis et al.,
2014e]). For any particular gabbro in Hole U1415J, it
is possible to place the observed textures within a
continuum between these two end-members. This
continuum may reflect an interplay between (1)
clinopyroxene resulting from cumulus crystalliza-
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tion at one end and (2) clinopyroxene crystallizing
from the rapid cooling of a crystal mush or in melt
channels. Imposed on this continuum is magmatic
foliation ranging from weak to strong, so it is possi-
ble to have both isotropic to foliated equigranular
gabbro, for example. Below, we present the features
of the end-member textural types and give some in-
termediate examples.

Clinopyroxene textures in Hole U1415J 
troctolite
Clinopyroxene oikocrysts in Unit II troctolite are
considered separately because of their distinctive na-
ture, reflected in the very large grain size contrast be-
tween the relatively fine grained foliated troctolitic
matrix and the large clinopyroxene oikocrysts (Figs.
F26, F27). The oikocrysts appear as isolated large
subhedral crystals in a finer grained troctolitic fabric
that appears to “swirl”’ around the oikocrysts (Fig.
F26A, F26B). Visually, the comparison to snowball
porphyroblasts in some metamorphic rock is ines-
capable, though their origin is obviously different.

Hole U1415H–U1415J troctolite clinopyroxene oiko-
crysts show grain boundaries that range from inter-
stitial and optically continuous with the oikocryst
(Fig. F26C) to sharper boundaries with no interstitial
domain. In these oikocrysts, the troctolite fabric
wraps around the oikocryst, with olivine and plagio-
clase in direct contact with clinopyroxene and some
of the plagioclase projecting from the troctolite ma-
trix into the interior of the oikocryst (Fig. F27). 

Another feature of the oikocrysts is the distinctive
chadacryst population. Olivine is never a chadacryst
despite its presence at oikocryst margins and in the
interstitial poikilitic domains of the oikocrysts. The
plagioclase chadacryst population is complex, dis-
playing euhedral to irregular shapes with some de-
formation features (see “Structural geology”) (Fig.
F28). Hence, clinopyroxene crystallized after defor-
mation for it to have captured deformed plagioclase.
The chadacrysts are randomly oriented, in marked
contrast to the tabular euhedral to subhedral plagio-
clase in the surrounding strongly foliated troctolitic
matrix (Figs. F26C, F27C, F28). If the clinopyroxene
crystallized late, we would expect it to have captured
the surrounding troctolite foliation, and indeed this
has occurred in the interstitial margins, yet it is not
present in the oikocryst cores. If the oikocryst was
the result of late-stage melt-rock reaction, we would
also expect to see abundant partly reacted
chadacrysts reflecting the original fabric of the troc-
tolite.

In summary, the oikocryst textures suggest that the
clinopyroxene 
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• Crystallized after deformation of the plagio-
clase chadacrysts (see “Structural geology”),

• Appears to not be in a reaction relationship
with olivine and plagioclase of the troctolite
matrix, and 

• Contains a plagioclase chadacryst population
that is difficult to explain as being derived from
the surrounding plagioclase population.

Olivine morphology
Skeletal and dendritic olivine textures are preserved
in Hole U1415J. Figure F29 shows some examples of
skeletal olivine observed in recovered core. Many of
these skeletal olivines have a “C” or hook shape asso-
ciated with them, with plagioclase commonly en-
closed in the hook (Fig. F29A, F29C, F29D, F29F).
These plagioclases display evidence of resorption in
the form of “elbow” joints or 120° grain boundaries.
The majority of these skeletal olivines occur in Cores
345-U1415J-3R through 10R.

Other olivine morphologies lack this hook shape but
are still classified as skeletal because of their “branch-
ing” morphology (Fig. F29B, F29E). This type of
morphology has been labeled dendritic. Piece 4 from
Section 345-U1415J-11R-1 displays clear macro- and
microscopic evidence of this morphology. The red
outline in Figure F30A enhances the branches of the
dendritic olivine. Clinopyroxene fills the gaps where
the branches have broken. The branching nature of
the olivine in this sample is further demonstrated in
thin section. In Figure F30B, dendritic olivine with
pink birefringence is observed next to poikilitic
clinopyroxene (tan birefringence). This morphology
has been termed “starburst.” Another troctolitic sam-
ple (345-U1415J-25G-1, 28–30 cm [Piece 4]) also dis-
plays signs of dendritic olivine; however, the olivine
in this sample is more altered, and the branches are
difficult to identify.

Experimental studies suggest that skeletal and
branching crystals grow relatively rapidly under con-
ditions of strong supersaturation or magmatic under-
cooling (e.g., Lofgren and Donaldson, 1975; Donald-
son, 1976; Lofgren, 1980). Donaldson (1974, 1977)
attributed dendritic development to in situ crystalli-
zation under conditions of supersaturation of the
magma with respect to olivine. He speculated this
might arise from two possible alternative mecha-
nisms: a sudden decrease in the water content of a
water-undersaturated feldspathic peridotitic liquid
and the transition of a water-saturated peridotitic
magma to an unsaturated state by exsolution of vol-
atiles. Hort (1998) also concluded that exsolution of
volatiles from magma could induce such an increase
in undercooling, giving rise to dendritic and skeletal
crystal morphologies. This suggests that replenish-
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ment could involve both continual small influxes of
magma as well as intermittent large influxes of
magma (Butcher et al., 1985; Faithfull, 1985; Renner
and Palacz, 1987) and that this periodic influx could
be the fundamental cause of much of the layering
observed in this section.

Chromitite
Heavily altered chromitite was recovered from two
intervals in Unit III (Intervals 70 [Sample 345-
U1415J-18R-1, 67–69 cm] and 77 [Sample 21R-1, 5–
16 cm]) (Figs. F31, F32, F33) and from one ghost
core (Sample 22G-1, 0–3.5 cm [Piece 1]). Chromite
grains are also present in the troctolite adjacent to
the chromitite, including one small aggregate of
chromite grains in one piece of troctolite (Sample
345-U1415J-19R-1, 39–46 cm [Piece 6]). Chromitite
is embedded in a series of primitive, olivine-rich,
chromite-bearing troctolite and olivine gabbro (be-
tween the sequences of troctolite in Sections 345-
U1415J-10R-1 through 20R-1 and olivine gabbro in
Sections 21R-1 through 26R-1). Two contacts be-
tween domains with aggregates of chromitite and
heavily altered troctolite within individual pieces are
shown in Figures F31 and F33. Although obscured
by strong alteration, the primary contacts appear to
have a sutured character. One chromite aggregate
contains roundish inclusions of now heavily altered
material, which is interpreted as former inclusions of
olivine (Fig. F31). All these observations imply that
these chromitite aggregates represent accumulation
of Cr-spinel in an early stage of MORB crystalliza-
tion.

Because of the severe alteration, estimating the pri-
mary lithologies of chromitite is difficult. Several
grains in two samples represent relics of the mag-
matic stage now forming a central core surrounded
by “orbicular” aggregates of fine-grained magnetite
(Figs. F31, F33; Thin Section 71; Sample 345-U1415J-
18R-1 [Piece 9] and Thin Section 76; Sample 21R-1
[Piece 3]). The host rock of the chromitite is trocto-
lite, although it is composed of minerals that are
completely altered to chlorite and amphibole. In one
sample (21R-1 [Piece 2]), the primary phases are
completely replaced by magnetite and/or iron-rich
chromite, chlorite, and amphibole with bluish green
pleochromism (Fig. F32; see also “Metamorphic pe-
trology”). The texture and mineral assemblage of
Sample 21R-1 (Piece 2) is different from other chro-
mitite samples in Hole U1415J (Figs. F31, F33). This
rock is interpreted to have formed during chloritiza-
tion of the surrounding olivine/chromite associa-
tions. The chromite grains are surrounded by chlo-
rite, broken apart into elongated magnetite grains,
and cut through by chlorite veins (Kelemen, Kikawa,
10
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Miller, et al., 2004; Abe, 2011). These observations
imply that the classification of this rock (Sample
345-U1415J-21R-1, 4.5–12 cm [Piece 2]) as “chromi-
tite” is justified, although it is now completely meta-
morphosed. In order to express the generally high
grade of alteration within the chromitites, the term
“completely altered chromitite” for the principal
rock name was used. Only two reported examples of
chromitite recoveries from previous ocean drilling
cruises exist. One example is several aggregates of
chromite and a chromitite minipod from peridotite
cores recovered at Hess Deep from Ocean Drilling
Program (ODP) Leg 147 Holes 895C and 895E (Arai
and Matsukage, 1996). The other example is from
ODP Leg 209 Site 1271 peridotite cores (Shipboard
Scientific Party, 2004; Abe, 2011). 

Metamorphic petrology
Background alteration

Lithologic Unit I is defined as a gabbroic rubble unit
that contains a variety of discontinuous rock sam-
ples (Intervals 1–14) as well as a section of drill cut-
tings (Intervals G2–G4 in Core 345-U1415J-2G).
Gabbroic rubble in Unit I is characterized by perva-
sive background alteration and is typically slightly
altered (10%–30%) but locally can be 60%–90% al-
tered (Fig. F34). Gabbroic rocks in Unit II exhibit
pervasive background alteration and are typically
slightly altered (10%–30%) but locally can be 60%–
90% altered (Fig. F35). Gabbroic rocks in Unit III ex-
hibit pervasive background alteration and are typi-
cally moderately altered (30%–60%) but locally can
be completely altered (>90%) (Fig. F36). More in-
tense alteration is associated with cataclastic zones,
olivine-rich zones, intervals with a higher density of
microcracks, contacts between igneous layers, and
hydrothermal veins. Mineral assemblages defining
distinct metamorphic zones are absent, and altera-
tion does not appear to correlate with igneous grain
size. Most of the secondary minerals are visible to
the naked eye. However, for the identification of
some minerals, particularly fine-grained minerals,
optical petrography was required. A summary of al-
teration intensity and secondary modes observed in
thin section is presented in Table T5. Thin sections
with two or more metamorphic domains are listed in
Table T6. A summary of X-ray diffraction (XRD) re-
sults for vein-filling materials and cataclasites is pre-
sented in Table T7.

Alteration in the three lithologic units in Hole
U1415J varies somewhat by unit and is characterized
by “normal” pervasive background alteration as well
as intense alteration in cataclastic zones. In the Unit
I surficial rubble, alteration is characterized by perva-
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sive alteration of olivine to serpentine with poorly
developed corona textures. Veins in Unit I are com-
monly prehnite, with fewer amphibole, chlorite, and
clay mineral–bearing veins. Olivine is more perva-
sively altered with more complete corona develop-
ment in the Troctolite Series of Unit III than in the
Oikocryst-Bearing Layered Gabbro Series of Unit II.
Prehnite is the dominant vein-filling mineral
throughout Hole U1415J, and chlorite veins occur al-
most exclusively in the Troctolite Series. Cataclastic
zones occur in Units II and III and are characterized
by variable alteration of primary plagioclase, pyrox-
ene, and cataclastic cements of prehnite and locally
chlorite.

Olivine
Olivine is highly altered (70%–100%) in most sam-
ples in Hole U1415J and alteration is slightly more
intense in Unit III than in Unit II (Table T5). Olivine
shows a striking contrast to the freshness of plagio-
clase, which is commonly <20% altered. Alteration
intensity, mineral assemblage, and modal proportion
of secondary minerals replacing olivine are variable
among pieces and even within individual pieces.

The most common alteration mineral assemblage af-
ter olivine is serpentine + magnetite ± sulfides. In
samples exhibiting magmatic foliation with shape-
preferred orientation (SPO) of plagioclase and oliv-
ine, serpentine veins are typically subparallel to foli-
ation (Fig. F37). Radial cracks are observed in plagio-
clase surrounding serpentinized olivine, as in Hole
U1415I. Clay mineral replacement occurs in olivine
in contact with the dense fracturing related to ser-
pentinization and is especially common adjacent to
clinopyroxene oikocrysts in some troctolites (e.g.,
Samples 345-U1415J-7G-1, 26–34.5 cm [Piece 5], and
8R-3, 22.5–30 cm [Piece 5]). This alteration also
seems to be related to fracturing subparallel to the
magmatic fabric, as suggested by the propagation of
curved fractures subparallel to plagioclase laths sur-
rounding the oikocrysts. A notable observation is
serpentine with unusually strong pleochroism from
colorless to bluish gray in one sample (Thin Section
72; Sample 345-U1415J-18R-1, 141–143 cm), possi-
bly a submicroscopic mixture of serpentine and clay
minerals or tiny opaque minerals.

Corona textures are composed of a concentric zonal
aggregate of tremolite and chlorite and
characteristically occur as a reaction product
between olivine and plagioclase in oceanic gabbroic
rocks (e.g., Nozaka and Fryer, 2011) (Fig. F38A,
F38B). In many samples from Hole U1415J, coronitic
tremolite-chlorite is common and locally abundant,
particularly near chlorite veins that cut the mag-
matic foliation at a high intersection angle (Fig.
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F38C, F38D). The abundance of coronitic tremolite +
chlorite and the completeness of corona formation is
highly variable and shows no systematic downhole
variation. Completion of the corona-forming
reaction (i.e., absence of relict olivine inside a
corona) appears more frequently in Unit III than in
Unit II (Fig. F39; Table T8). A remarkable observation
in Hole U1415J is the occurrence of green spinel as-
sociated with coronitic chlorite and amphibole,
which is perhaps identified in situ for the first time
in oceanic gabbroic rock. The spinel’s pale green
color suggests enrichment of Al and Mg and defi-
ciency of Cr compared with brown spinel, chromite,
and magnetite, which are common spinel-group
minerals in mafic or ultramafic rock. The green spi-
nel is sparsely distributed in two samples of troctolite
(Thin Section 67; Sample 345-U1415J-13R-1, 53–56
cm, and Thin Section 17; Sample 18R-1, 53–56 cm),
showing a close association with coronitic chlorite
and amphibole (Fig. F40). The green color and occur-
rence with chlorite strongly suggest a metamorphic
origin for this spinel.

Talc occurs in the assemblage talc ± chlorite ± am-
phibole ± sulfides. It is not exclusive to the corona-
forming reaction, suggesting that talc alteration oc-
curred over a range of temperature conditions. In
Thin Section 63 (Sample 345-U1415J-12R-1, 94–96
cm), for example, olivine is completely altered to talc
+ pyrite with a mesh-like texture similar to that of
serpentine + magnetite. 

Pyroxene
Clinopyroxene is variably altered to green or color-
less amphibole and lesser amounts of chlorite along
grain boundaries or cleavage surfaces (Fig. F41).
Clinopyroxene is slightly to moderately altered
(<10%–60%) in Unit I, slightly to highly altered
(10%–90%) in Unit II, and slightly to completely al-
tered (<10% to >90%; mean = 60%–90%) in Unit III.
Slightly altered clinopyroxenes have clear cores that
grade outward to irregular rims, similar to those in
Hole U1415I. Hydrothermal clinopyroxene was not
confidently identified in Hole U1415J samples. 

Brown amphibole replacing clinopyroxene was only
observed in Unit III (Thin Sections 79 and 80; Sec-
tion 345-U1415J-21R-1 [Pieces 14 and 16, respec-
tively] and Thin Sections 82 and 83; Section 23R-1
[Pieces 7 and 8, respectively]). Brown amphibole is
indicative of high-temperature alteration conditions
and is commonly intergrown with green amphibole
(Fig. F42). Brown amphibole after clinopyroxene
represents 5%–30% of the total alteration products
in these rock pieces. In Section 345-U1415J-21R-1,
replacement of clinopyroxene by brown amphibole
occurs as a background alteration product and does
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not appear to be related to vein halos. In Section
23R-1, brown amphibole is also observed in the cata-
clastic zone of Piece 7. In Piece 8 of the same section,
brown amphibole replacing clinopyroxene occurs
only in weakly deformed parts but not in cataclastic
zones. The development of brown amphibole does
not appear to be related to cataclasis but rather ap-
pears to have formed prior to cataclasis.

Orthopyroxene is variably altered to colorless or pale
green amphibole, talc, chlorite, serpentine, and clay
minerals along fractures or cleavage surfaces and is
highly to completely altered (60% to >90%) in Unit
I, slightly to highly altered (<10% to >90%) with a
mean value of <10% in Unit II, and fresh to slightly
altered (<10%–30%) in Unit III. Orthopyroxene is
relatively fresh (<10% altered) even in samples con-
taining completely altered olivine (Fig. F43). Most
grains of orthopyroxene show no reaction at con-
tacts with plagioclase, in contrast to olivine, which is
commonly fringed by coronitic tremolite and chlo-
rite adjacent to plagioclase.

Chromite-magnetite
Although relict chromite is rare in Hole U1415J rock,
thin Intervals 71 (Sample 345-U1415J-18R-1, 67–72
cm [Piece 9]), 77 (Sample 21R-1, 5–16 cm [Pieces 2
and 3]), and G57 (Sample 22G-1, 0–3 cm [Piece 1])
are composed primarily of magnetite and chlorite,
with minor amphibole. The unusual mineral assem-
blage of these intervals opens the possibility that
they were originally chromite-rich rock (see “Igne-
ous petrology”). In this chromitite or chromite-rich
troctolite, amphibole and chlorite show unusual blu-
ish green colors in plane-polarized light, suggesting
unusual chemical compositions (perhaps high-tem-
perature ferric-calcic amphibole) (Fig. F44). The geo-
chemistry of this rock shows that it is low in Cr and
high in Fe (see “Inorganic geochemistry”).

Plagioclase
Plagioclase is variably altered to prehnite, chlorite,
and secondary plagioclase and is slightly to moder-
ately altered (<10%–30%) in Unit I, slightly to mod-
erately altered (<10%–60%) in Unit II, and slightly to
highly altered (<10%–90%) with a mean value of
60%–90%) in Unit III.

In thin section, magmatic plagioclase is most com-
monly replaced by chlorite and prehnite in all units.
Secondary plagioclase is a common replacement of
plagioclase in Units I and II but is less common in
Unit III (Table T5). In all units in Hole U1415J, chlo-
rite commonly forms a continuous cryptocrystalline
rim in plagioclase adjacent to olivine grains (Fig.
F45A). Prehnitization of plagioclase occurs as back-
ground alteration in serpentinized olivine-rich rocks
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and filling radiating fractures adjacent to serpen-
tinized olivine in all units. Garnet (or hydrogarnet)
is rarely developed in association with prehnite and
chlorite after plagioclase (Fig. F46). Near cataclastic
zones, replacement of plagioclase by prehnite be-
comes more intense, often with vuggy textures and
cores of chlorite or clinozoisite (Fig. F47). In cataclas-
ite samples from Unit III, clinozoisite and epidote are
intergrown with and may replace prehnite after pla-
gioclase and may also rarely replace plagioclase di-
rectly. Irregular replacement of plagioclase by zeolite
occurs uncommonly in vein margins, sometimes ac-
companied by clay minerals.

Sulfide minerals
Sulfide minerals occur as secondary phases in all of
the gabbroic lithologies recovered in Hole U1415J.
These minerals occur in mineral replacement pseu-
domorphs and are commonly associated with altera-
tion products after clinopyroxene and olivine. Pyrite
is common in all units and is widely disseminated as
a trace phase in nearly all of the lithologic intervals.
Fine-grained, isolated pyrite grains commonly occur
in serpentine microveins after olivine. Clusters of py-
rite and pentlandite ± chalcopyrite rarely form sul-
fide mineral assemblages near magnetite stringers as-
sociated with olivine alteration. Chalcopyrite forms
irregular grains associated with magnetite stringers
within serpentine mesh and also in the chlorite re-
placements of plagioclase. Pyrite and perhaps pent-
landite are also observed in some thin sections, in-
tergrown with or entirely surrounded by magnetite
(e.g., Thin Section 36; Sample 345-U1415J-5R-1, 62–
64 cm [Piece 12]). Detailed observations of sulfide
mineralization are recorded in the visual core de-
scriptions (see “Core descriptions”).

Veins
Thin (1–2 mm), massive prehnite veins are the most
common vein type in Hole U1415J (Fig. F48). The
dominant vein types in lithologic Unit I are prehnite
± chlorite ± zeolite and are typically 1–2 mm thick
and 2–4 cm long with massive texture. A smaller
number of dominantly chlorite, dominantly amphi-
bole, and dominantly clay mineral veins also occur
in thin vein networks in Unit I. The dominant vein
types in Unit II are (1) prehnite ± chlorite ~1 mm
thick and 2–3 cm long with a massive or radiating
texture (Fig. F49D) and (2) thin and relatively short
veins of chlorite <1 mm thick and a few millimeters
to a few centimeters long (Fig. F49B). Prehnite-bear-
ing veins (Type 1) are observed throughout Unit II
(Fig. F86). Halos of enhanced alteration adjacent to
the veins are 0.5–2 cm thick and commonly sur-
round prehnite veins, especially in Sections 345-
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U1415J-8R-1 through 8R-3 (Fig. F49A). Chlorite
veins (Type 2) start to appear at the top of Section
8R-1 in Unit II. Chlorite veins typically follow grain
boundaries and open out into irregular chlorite
patches, often containing amphibole needles and
late calcite (Fig. F45B). In some cases, tiny needles of
amphibole were observed in corona rims at the con-
tact with unaltered plagioclase adjacent to olivine
and orthopyroxene. Networks of massive clay min-
eral veins are present in Sections 345-U1415J-8R-1
and 8R-2 but become rare in Section 8R-3 and deeper
cores.

Chlorite and prehnite veins are also the dominant
vein types in Unit III (including ghost Cluster 2).
Chlorite veins are commonly monominerallic but
also include mixtures of chlorite-amphibole (Sam-
ples 345-U1415J-18R-1 [Pieces 1, 7, and 8], 21R-1
[Piece 2], 23R-1 [Piece 7], and 26R-1 [Piece 4]). Less
commonly, chlorite veins may also include magne-
tite stringers (Sample 345-U1415J-18R-1 [Piece 7]).
Many chlorite veins show cross-fiber texture with
chlorite growing from vein rims to centers and typi-
cally lack alteration halos (Fig. F50A). Chlorite veins
typically form relatively dense vein networks in the
cataclastic intervals in Sections 345-U1415J-21R-1
through 26R-1 and increase in abundance with
depth (Fig. F86).

Throughout Hole U1415J, prehnite veins are com-
monly crosscut by chlorite veins but also crosscut
chlorite veins. Prehnite veins are typically thin, poly-
crystalline, and monominerallic. In five thin sec-
tions (Thin Sections 25, 47, 54, 69, and 73; Samples
345-U1415J-2G-1, 10–13 cm; 8R-1, 73–76 cm; 8R-3,
35–38 cm; 14G-1 [Piece 1]; and 19R-1, 18–19 cm; re-
spectively), composite veins filled with chlorite and
lesser amounts of prehnite are partially replaced by
carbonates (Fig. F50). In these veins, prehnite occurs
between the crossing fibers of chlorite and radiating
prehnite clusters are distributed along the veins (Fig.
F50E, F50F).

Rare epidote veins appear in Unit III (Figs. F49D,
F51G, F51H), along with rare massive clinozoisite
veins (mineralogy confirmed by XRD). Epidote veins
occur in the dolerite dikes cutting cataclastic gabbro
in Sections 345-U1415J-24G-1 and 25G-1 and are
brecciated in cataclastic zones. In intervals contain-
ing clinozoisite veins, plagioclase is almost entirely
replaced by prehnite or clinozoisite (i.e., Sample 345-
U1415J-4R-1 [Piece 4]). Clay mineral veins are rare in
Unit III and appear in only four pieces (Samples 345-
U1415J-10R-1 [Piece 3], 21R-1 [Pieces 3 and 7], and
23R-1 [Piece 1]). Zeolite veins are also rare and ob-
served in only five pieces (Samples 345-U1415J-11R-
1 [Piece 2], 12R-1 [Pieces 1 and 6], 18R-1 [Piece 16],
and 23R-1 [Piece 6]) (Figs. F50C, F50D, F51C, F51D).
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Within cataclastic intervals, polycrystalline prehnite
veins crosscut cataclastic zones in which prehnite ±
chlorite replace the comminuted matrix minerals
(Sections 345-U1415J-12R-1 and 12R-2; intervals
20R-1, 9–19 cm, and 21R-1, 16–131 cm; Section 21R-
2; and interval 23R-1, 19–54 cm) (Fig. F49). These
crosscutting polycrystalline prehnite veins are com-
monly brecciated by subsequent cataclasis.

The density of veins increases with the deformation
degree of the rock. Undeformed cores contain only a
few veins per 10 cm of core, whereas strongly de-
formed cores contain >20 veins per 10 cm. For
downhole variations of vein density and vein miner-
alogy, see “Structural geology” and Figure F86.

Alteration in and associated
with cataclasite

A wide range of cataclastic textures exist in Hole
U1415J, from narrowly spaced networks of fractures
a few micrometers wide to intensely comminuted
zones millimeters to centimeters wide to variably
brecciated core measured in decimeters and finally
to foliated mylonitic cataclasites (Fig. F71). Altera-
tion associated with the cataclasite zones is com-
monly intense and fracture controlled and generally
appears to be superimposed on the background alter-
ation documented in previous sections.

In intervals affected by cataclasis, chlorite appears to
form complete pseudomorphs with relict serpentine
mesh textures after olivine (Fig. F52). These pseudo-
morphs often appear to be deformed in the cataclas-
ite zones, forming chlorite foliae. Epidote occurs as
brecciated vein material within chlorite in the cata-
clastic matrix of some highly altered samples. Turbid
and fluid inclusion-rich, possibly secondary, plagio-
clase is locally associated with chlorite and is fairly
common as a clast in the cataclasite. 

Comminuted plagioclase within cataclasite zones is
commonly replaced by prehnite and rarely by car-
bonate (Fig. F47), whereas clinopyroxene is relatively
fresh and occurs as fragments dispersed within the
prehnite (Fig. F53A). Replacement of plagioclase by
prehnite is variable, with some cataclastic zones be-
ing essentially prehnite-free. In other intervals, rela-
tively coarse grained prehnite replaces the matrix
(primarily plagioclase) in the relatively fine grained
cataclastic intervals in Units II and III. Relatively
coarse grained prehnite is commonly brecciated and
included as clasts in successive cataclasite. Epidote
may occur within prehnite, and prehnite + chlorite +
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epidote may be a stable assemblage in some samples
(Fig. F53).

Drill cuttings
Core 345-U1415J-2G consists mainly of coarse sand–
size (0.5–1 mm) drill cuttings. Two grain-mount sec-
tions from this interval were point-counted to estab-
lish primary and secondary mineralogy (Table T9).
Clasts in the grain mounts were highly altered com-
pared to the average recovered core, containing sig-
nificant amphibole, prehnite, secondary plagioclase,
zeolite, chlorite, and clay minerals and broken coro-
nitic aggregates of amphibole and chlorite after oliv-
ine. The clasts also contain cataclasite (12%–20%)
with local overprints of prehnite.

Although the reconstructed primary mode of the
grain mounts is similar to the typical olivine gabbro
in Hole U1415J (Table T9), alteration and deforma-
tion are as intense as the most deformed and altered
intervals in the Unit II gabbroic lithologies. These
observations suggest that the drilling sand was col-
lected mainly from a fault zone or that unrecovered
parts of each section consisted of such rocks. In ei-
ther case, it is clear that the recovered core is not
fully representative of the extent of alteration and
cataclastic deformation in the hole.

Metamorphic conditions and
deformation processes

Background alteration
The mineral assemblages of the rocks recovered in
Hole U1415J suggest a range of temperature condi-
tions from upper amphibolite to subgreenschist fa-
cies. Plagioclase alteration is variable in mineral asso-
ciation and spatial distribution, suggesting a wide
range of temperature conditions and localized fluid
infiltration along microcracks, grain boundaries,
fractures, and cataclastic zones. Coronitic textures
(olivine + plagioclase = tremolite + chlorite ± talc) are
variably developed, indicating middle to lower am-
phibolite facies hydration (Blackman et al., 2011;
Nozaka and Fryer, 2011). A significant difference of
Hole U1415J from the other Expedition 345 holes is
the localized occurrence of brown amphibole and
green spinel, suggesting upper amphibolite facies.
Green spinel has been reported from metagabbro of
the Oman ophiolite and is interpreted there as the
product of high-temperature (700°–800°C) hydro-
thermal alteration (Abily et al., 2011). Low-tempera-
ture alteration of olivine to serpentinite and clay
14



K.M. Gillis et al. Hole U1415J
minerals appears to result from fracturing controlled
by the physical properties and/or magmatic fabrics
of the original rock. Veins are mostly thin and iso-
lated and are dominated by prehnite, zeolite, and
clay minerals, implying relatively low temperature
alteration conditions.

The background alteration of gabbroic rock in Hole
U1415J is similar to alteration in the Site 894 gab-
broic rock, although far less secondary clinopyrox-
ene and green amphibole along plagioclase grain
boundaries and filling microfractures were observed
in the rock of Hole U1415J (Shipboard Scientific
Party, 1993; Früh-Green et al., 1996).

Cataclastic zones
The replacement of magmatic minerals by metamor-
phic alteration products requires introduction of
aqueous fluids, and cataclastic zones are obvious po-
tential pathways for their introduction. A wide range
of cataclastic zones exist in Hole U1415J, from nar-
rowly spaced networks of 1 mm wide fractures to fo-
liated mylonitic cataclasite with potentially large dis-
placements (see “Structural geology”). It is possible
that the presence of poorly cemented fault rock was
responsible for the many meters of core that were
not recovered and for the meters of sand containing
fragments of cataclasite that were recovered (see
“Drill cuttings”).

Chlorite and prehnite are the dominant secondary
minerals in the cataclastic zones. These minerals pri-
marily cement broken and angular shards of plagio-
clase and pyroxene (e.g., Fig. F54). Not all cataclastic
zones are associated with new mineral growth, how-
ever. Figure F55 shows an incipient cataclastic zone
in which crystallization of hydrous minerals is lim-
ited to the narrow chlorite-filled shear zones and ex-
tensional “pull apart” structure where calcite, chlo-
rite, and prehnite precipitated. Fibrous chlorite veins
are commonly truncated by the cataclasite and dem-
onstrate that fluids infiltrated into this rock prior to
the cataclastic event.

Chlorite is locally a significant alteration product af-
ter plagioclase; however, prehnite is the more com-
mon replacement mineral in the cataclastic zones
(e.g., line CC-CC, Figs. F56, F57). In a typical cataclas-
ite (Sample 345-U1415J-21R-1, 103–107 cm [Piece
14]), chlorite embays the plagioclase clasts in the
cataclasite, suggesting substantial replacement (Fig.
F58). The prehnite vein cuts plagioclase with smooth
boundaries (yellow arrows), whereas chlorite embays
plagioclase clasts in the phyllonitic matrix and wid-
ens the walls of the adjacent fractured grains; this
feature is most conspicuous in reflected light that
highlights the two-dimensional interface (white ar-
rows). In this case, these sutured boundaries suggest
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that plagioclase was dissolved and replaced by the
adjacent chlorite.

Where slip subsequent to chlorite formation occurs,
fibrous chlorite veins appear to have developed (Figs.
F55, F56), and the slip seems to establish a preferred
orientation of the chlorite flakes. The chlorite con-
tent of some cataclasites may be high enough and
the preferred orientation strong enough that the
rock becomes a foliated cataclasite; in some cases
multiple deformation events are evident (Fig. F59).
In spite of the relatively strong cleavage developed in
this rock, it was still cut by fractures that were later
filled with prehnite.

Multiple cycles of deformation are apparent in some
samples, and crosscutting relationships help to es-
tablish the order of brecciation. Figure F54 shows an
example of a cataclasite in which five or more sepa-
rate bands of breccia are visible. Each band is com-
posed primarily of prehnite in interlocking crystals
<50 µm in diameter. This matrix contains many in-
clusions of coarser grained prehnite with angular
outlines, suggesting that they were relatively coarse
grained veins broken up by cataclastic events. Band
C5 also contains fragments of relatively fine grained
prehnite with a texture similar to that in Band C2.
Most bands contain a few small fragments of plagio-
clase and clinopyroxene, especially Band C1. Band
C5 may be the youngest because it truncates layering
(arrows in Fig. F54) in adjacent bands (C2, C3, and
C4) in the cataclasite veins. In turn, Band C3 trun-
cates layering in both Bands C2 and C1, suggesting
the order of brecciation. Band C1 also contains more
relict clinopyroxene and less coarse-grained
prehnite, implying that this band may have been
one of the earlier generations of cataclasite. Figure
F54 identifies one domain (C3A) that might exist as
either a separate cataclastic event or a large individ-
ual clast. The small size of the sample does not allow
discrimination between these possibilities.

Rare brittle-plastic deformation occurs in two sam-
ples (Thin Section 77; Sample 345-U1415J-21R-1, 17–
19 cm [Piece 4] and Thin Section 79; Sample 21R-1,
107–108.5 cm [Piece 14]). In Sample 21R-1, 103–107
cm (Piece 14), two contrasting cataclasites are juxta-
posed across a chlorite vein (Fig. F57). The lower part
of the figure is dominated by relatively coarse and
fine-grained prehnite microbreccia, whereas the
cataclasite in the upper part of the image contains
more abundant plagioclase than prehnite. Some pla-
gioclase is cloudy because of abundant tiny inclu-
sions, suggesting that it is secondary plagioclase.
Much of the chlorite between the two domains is in
random orientation, but chlorite adjacent to the
walls of the vein has a strong preferred orientation
(white arrows in the figure) and phyllonitic bands
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have developed. Apparently, the randomly oriented
chlorite acquired its preferred orientation by brittle-
plastic deformation along the walls of the vein. The
same relationships are evident in Sample 345-
U1415J-21R1, 17–19 cm (Piece 4) (Fig. F59), where
chlorite in the cataclastic matrix defines a strong pre-
ferred orientation, suggesting that slip along these
grains postdated the cataclasis. Apparently, the frac-
tures that allowed the precipitation of chlorite were
reactivated in a ductile fashion to create phyllonite
(“Ph” in Fig. F59). Nevertheless, renewed deforma-
tion involved brittle fracturing, as evident from the
crosscutting prehnite-filled fractures.

From shipboard observations and interpretations, we
conclude that the cataclastic zones were formed by
brittle deformation in close association with re-
peated prehnite and chlorite formation under sub-
greenschist facies conditions.

Structural geology
Magmatic structures

Macroscopic observations: lithologic Unit I
The uppermost cores (345-U1415J-1R, 2G, 3R, and
4R) comprise a surficial rubble unit (Unit I; see “Ig-
neous petrology”) with 11 cobbles and 6 cored
pieces of gabbro, olivine gabbro, and troctolite. All
pieces from these four cores are relatively small (13
cm maximum length), and weak modal layering was
only recognized in one piece (Sample 345-U1415J-
3R1, 49–55 cm [Piece 11]). Of the plutonic pieces,
82% (by length) exhibit planar magmatic foliation
defined by weak to strong plagioclase and olivine
SPO. The dip of the magmatic foliation in the five
oriented pieces recovered ranges from 15° to 47°
(mean = 32.4°; standard deviation = 13°), which is
consistent with dip values seen in the higher recov-
ery cores of Unit II. Distinct clinopyroxene lineation
was observed in interval 345-U1415J-3R-1, 17.5–28.5
cm (Pieces 5 and 6).

Macroscopic observations: lithologic Unit II
Drilling in Unit II (Cores 345-U1415J-5R, 6G, 7G, 8R,
9R, 14G, and 15G) recovered a layered sequence of
troctolite, olivine gabbro, gabbro, and gabbronorite
showing centimeter- to decimeter-scale layering (Fig.
F60) defined by differences in modal mineralogy and
sometimes by grain size. Figures F61A and F61B
show examples of the layering observed in Unit II.
The most conspicuous layering is indicated by the
boundaries between gabbro and the more olivine-
rich rock types (olivine gabbro and troctolite) and is
therefore primarily defined by variations in modal
olivine accompanied by changes in modal pyroxene
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and, to a lesser degree, plagioclase. Some of the
boundaries show grain size variation caused by the
appearance of large (2–5 mm) pyroxene crystals and
other variations caused by increases in olivine grain
size from 1–2 to >5 mm. Plagioclase grain size
changes less dramatically across these boundaries,
with small increases in mean grain size from 1–2 to
3–4 mm. The layers have planar boundaries with
sharp contacts at the centimeter scale but are grada-
tional and sutured at the 1–5 mm (grain size) scale
(see “Igneous petrology” for more details). Of the
recovered pieces, 23% exhibit layering, but this must
be regarded as a minimum because layering thicker
than piece length will only be recognized if boundar-
ies are preserved. The dip of the layers in all cores in
the unit, except for Core 345-U1415J-7G, is consis-
tently between 30° and 49° (mean dip = 36.5°; stan-
dard deviation = 6°) (Fig. F60). Boundaries between
layers that were observed in both core pieces and in
thin sections are parallel or near parallel to the mag-
matic foliation. No abrupt intrusive contacts were
observed, which is consistent with the interpretation
that the layering formed under hypersolidus condi-
tions.

Ghost Core 345-U1415J-7G comprises gabbro, oliv-
ine gabbro, and troctolite very similar to that found
in Cores 5R and 8R (see “Igneous petrology”); how-
ever, layering of the entire Core 7G has a mean dip
of 59° (standard deviation = 21°). If the lower two
pieces are excluded, the mean dip of the upper part
of the core is 76° (standard deviation = 5°). Given
this core is a ghost core recovered after redrilling
through the same depth interval as Core 8R, the sim-
plest interpretation of the data is that Core 7G was
recovered from a block that had rotated >40° into a
large cavity at 34–40 mbsf during drilling.

Of the Unit II core pieces, 97% (by length) exhibit
foliation defined by plagioclase, olivine, and rarely
pyroxene SPO (Fig. F61A–F61C), compared to ~75%
for the entire hole. These estimates should be re-
garded as minima because weak fabrics are hard to
recognize in pieces that have also undergone catacla-
sis, are small, or are coarse grained. Estimates of foli-
ation strength in core pieces were validated by exam-
ination of the foliation in thin section, where
possible. Figure F62 illustrates that >60% of the core
from Unit II has moderate to strong foliation
strength compared to 48% for the whole core and
only 30% for Unit III. Therefore, Unit II generally ex-
hibits a stronger foliation compared to the rest of the
core.

Magmatic foliation intensity appears to increase in
strength with increasing olivine content (Fig. F63),
although it should be noted that the color contrast
between olivine and plagioclase crystals on the outer
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surface of the core means that magmatic foliation is
more easily recognized in olivine-rich rock. Gabbro
tends to have weak magmatic foliation and olivine
gabbro shows moderate foliation, whereas troctolite,
the dominant rock type in this unit (see “Igneous
petrology”), exhibits moderate to strong foliation
(Fig. F63). Too few pieces of gabbronorite were recov-
ered from this hole to allow for meaningful analysis
of its characteristic fabric strength.

Foliation is predominantly planar, although it can be
seen to anastomose around large (1–2 cm diameter)
clinopyroxene oikocrysts (Fig. F61C), a feature that
is also seen around smaller (<1 cm diameter) oiko-
crysts in thin section. Very rarely, foliation can vary
in dip by as much as 15° on a core piece scale. Dip of
magmatic foliation for Unit II (excluding the ghost
cores) ranges from 10° to 57° (mean = 35°; standard
deviation = 9°) (Fig. F60). A weak olivine lineation
was observed within the plane of foliation in a few
intervals of troctolite and olivine gabbro.

Similar depth of recovery, lithology, and dip of mag-
matic layering and foliation seen in Core 345-
U1415J-5R to that seen in Core 345-U1415I-4R re-
covered in Hole U1415I (see “Structural geology” in
the “Hole U1415I” chapter [Gillis et al., 2014d]) sug-
gests that these units can be correlated (Fig. F60).
Therefore, this unit has a subsurface horizontal ex-
tent of at least 10 m and a vertical thickness of ~30
m.

Macroscopic observations: lithologic Unit III
Drilling in Unit III (Cores 345-U1415J-10R through
26R and ghost Cores 17G, 22G, 24G, and 25G) re-
covered a sequence of coarse-grained, troctolite, oliv-
ine gabbro, and gabbro that show only sparse mag-
matic layering (3% of the piece length). Again, this
must be regarded as a minimum because layering
thicker than piece length will only be recognized if
boundaries are preserved and because of the large
proportion of cataclastic rock in this unit. The best
two of four recovered pieces exhibiting layering are
shown in Figure F64. All recognized boundaries are
planar at the >1 cm length scale and parallel to mag-
matic foliation based on both core and thin section
observation. Boundaries are defined by variations in
modal proportions of olivine accompanied by
changes in proportions of plagioclase and pyroxene
but additionally may be defined by grain size (Fig.
F64; see “Igneous petrology” for more details).
Boundaries may be sharp or gradational; the two ori-
ented examples from RCB (nonghost) cores have a
steeply dipping orientation (66° and 90°). No abrupt
intrusive contacts were observed, which is consistent
with the interpretation that the layering formed un-
der hypersolidus conditions.
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Of the core pieces from Unit III, 55% (by length) ex-
hibit foliation defined by plagioclase, olivine, and
rarely pyroxene SPO (Fig. F64) compared to ~75% for
the entire hole. This estimate should be regarded as
minima because the core has a large proportion of
cataclasites that make recognition of primary mag-
matic foliation impossible. However, no strong mag-
matic foliations were recognized in this unit (Fig.
F66), suggesting that Unit III has generally weaker
fabric strength than Unit II. Figure F63 shows that
troctolite, the dominant rock type, has mostly mod-
erate foliation strength. Too few pieces of the other
rock types were recovered from this hole to allow for
meaningful analysis of their characteristic fabric
strength.

Magmatic foliation recorded in Unit III is planar (Fig.
F64A, F64B), with dips ranging from 57° to 90°
(mean dip = 78°; standard deviation = 11°) (Fig. F60).
One piece (Sample 345-U1415J-13R-1, 37.5–51.5 cm
[Piece 6]) exhibits an anomalously shallow dip of
17°. We suggest that this piece is likely from a small,
<1 m scale rotated block within a fault zone cutting
this unit. The mean dip of Unit III is significantly
steeper than the mean dip recorded in Unit II (35°).
This difference considered with the different compo-
sitions of Units II and III, the freshness of the rock,
lack of recovery and poor drilling conditions at the
depth of the boundary between Units II and III, and
the character of the seafloor bathymetry typical of
submarine mass wasting suggests that Unit II is a
tens of meters–scale slump block lying on top of
Unit III. The vertical dip of magmatic foliation in
Unit III together with the difficult drilling condi-
tions raises the possibility that it, too, might be a
tens of meters thick slump block (see “Paleomagne-
tism”).

Microscopic observations
The similarity of the core recovered from lithologic
Units I and II in Hole U1415J to that found in Hole
U1415I means that the Hole U1415J Unit I and II
core shows many of the microstructural features as-
sociated with the magmatic foliation discussed in
the “Hole U1415I” chapter (Gillis et al., 2014d).
Many of the common features are therefore only
briefly discussed here. Significant differences are
shown in Unit III and include larger olivine and pla-
gioclase mean grain size in troctolites, weaker mag-
matic foliation, and a relative paucity of equant
clinopyroxene oikocrysts.

Magmatic foliation in all units is defined by plagio-
clase crystals but may also be defined by olivine and,
to a lesser extent, orthopyroxene and clinopyroxene
when the crystals have suitable habits. In all cases,
the foliation is controlled by both the preferred ori-
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entation and shape anisotropy of the crystals. Plagio-
clase crystals are commonly tabular and as long as 8
mm but normally 1–2 mm in length, with aspect ra-
tios as high as 8:1. The [010] albite twin planes typi-
cally run parallel to the long axes of the crystals. Ol-
ivine crystals defining the foliation are often tabular
or weakly skeletal and 1–5 mm in length, with aspect
ratios as high as 6:1 and [010] olivine axes likely per-
pendicular to foliation. Less commonly, orthopyrox-
ene and clinopyroxene crystals (3–8 mm in length)
also exhibit elongation of up to 10:1 parallel to folia-
tion (Fig. F65A, F65B). However, in many cases
clinopyroxene appears as relatively large (0.5–2 cm
in diameter) equant to subequant oikocrysts, around
which the plagioclase-defined foliation may be de-
flected.

Lithologic Unit I

Unit I consists of troctolite and olivine gabbro with
magmatic foliation similar to that observed in Unit
II and in Hole U1415I (discussed below). This unit
also contains gabbro with distinctive magmatic fab-
rics that are relatively rare in the core. Interval 345-
U1415J-3R-1, 17.5–28.5 cm (Pieces 5 and 6), contains
large (as long as 8 mm), high aspect ratio (10:1)
twinned clinopyroxenes that define a very strong
lineation within weak plagioclase foliation and more
numerous smaller, equant clinopyroxene crystals
(Fig. F65A). The elongate pyroxenes are largely unde-
formed, show only rare undulose extinction and se-
riate grain boundaries with adjacent plagioclase crys-
tals (Fig. F65B), and have a few plagioclase
chadocrysts compared to the more equant clinopy-
roxene crystals. Plagioclase crystals are commonly
annealed with 120° triple junctions and gently
curved grain boundaries and are therefore typical in
this respect in comparison with much of the core.

Figures F65C and F65D illustrate an interval of gab-
bro (interval 345-U1415J-3R-1, 78.5–85.5 cm [Piece
16]) with relatively coarse plagioclase grain size (2–5
mm) and moderate plagioclase foliation. The plagio-
clase crystals show significant deformation twinning
and bending but show less well developed grain-
boundary annealing than elsewhere in the core. This
piece supports the assertion that plagioclase grain-
boundary annealing is less well developed in the
coarser grained rocks.

Lithologic Unit II

As discussed above, Unit II correlates with Unit II of
Hole U1415I, and therefore only selected examples
of magmatic foliation are presented here. Figure F66
shows examples of the typical tabular olivine- and
plagioclase-defined magmatic foliation developed
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within and around equant clinopyroxene oikocrysts
in (Fig. F66A) and at the margin of (Fig. F66B) the
troctolite. In both cases, magmatic foliation within
the relatively fine grained (1–3 mm) troctolitic por-
tion of the rock is strong and wraps around parts of
the oikocrysts. Note that the most distinctive wrap-
ping of foliation is around the right side and bottom
of the oikocrysts in Figure F66A; it is not solely con-
fined to the bottom of the oikocrysts. Locally, the
undeformed oikocrysts include bent plagioclase crys-
tals (Fig. F66B), indicating that crystal-plastic defor-
mation associated with mush development was oc-
curring above the solidus. Magmatic foliation
outside of the oikocrysts also contains large, bent
plagioclase crystals with deformation twins and sub-
grains (Fig. F66D–F66F), which likely also records
crystal-plastic deformation within the mush. Figure
F66F additionally shows typical, small (<1 mm) pla-
gioclase crystals immediately adjacent to and within
the margins of a large, bent plagioclase crystal, illus-
trating how parts of the plagioclase network of crys-
tals are commonly annealed and strain-free. Figure
F66D shows a relatively unstrained, large (2–3 mm)
plagioclase crystal oriented almost perpendicular to
magmatic foliation. The survival of this crystal
within the strong foliation perhaps suggests that fo-
liation was not formed solely by recrystallization.

Figure F67 shows examples of textural features rele-
vant to the origin of magmatic foliation not seen in
thin sections of rock recovered in Hole U1415I. Fig-
ure F67A shows an olivine gabbro with large (up to 2
cm), elongate (and twinned) clinopyroxene oiko-
crysts aligned with the olivine and plagioclase folia-
tion. These oikocrysts partially enclose relatively
large (2–3 mm) plagioclase crystals aligned with the
dominant foliation, indicating that the pyroxene
margins continued to grow after/during foliation de-
velopment (Fig. F67B). Conversely, just above these
large plagioclase crystals and elsewhere in the thin
section, moderate plagioclase foliation shown by
smaller (<1 mm) plagioclase crystals appears to wrap
around the oikocrysts, suggesting that some compac-
tion of foliation occurred against clinopyroxene
oikocrysts formed earlier. The larger, perhaps earlier
formed, plagioclase crystals commonly show defor-
mation twins in this thin section, again suggesting
hypersolidus deformation within a crystal mush.

Figure F67D shows a clinopyroxene oikocryst-bear-
ing troctolite with strong magmatic foliation defined
by annealed plagioclase and tabular olivine crystals
(Fig. F67E). The foliation wraps around the upper-
most oikocryst in Figure F67D. Interestingly, that
oikocryst is deformed and exhibits subgrain develop-
ment (Fig. F67F), suggesting that oikocrysts can be
deformed under near-solidus conditions, likely to-
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ward the end of foliation development. Figures F67B
and F67C show an example of northeast–southwest
imbricated or tiled plagioclase crystals within mag-
matic foliation that runs approximately horizontally
in the figure. Imbrication suggests that a shear com-
ponent was involved during foliation development.

Lithologic Unit III

Unit III is dominated by coarse-grained (≥5 mm)
troctolite not seen in Unit II or Hole U1415I. Unfor-
tunately, this troctolite is generally more altered
than the finer grained troctolite seen elsewhere and
mostly contains only serpentinized olivine and pseu-
domorphed plagioclase crystals. Plagioclase crystals
appear to be tabular, and olivine varies from tabular
to highly skeletal morphologies (Fig. F68E). The
moderate foliation of these rocks is mostly defined
by the SPO of plagioclase and, to a lesser extent, by
tabular olivine crystals when present. Figures F64A
and F64C show that the olivine gabbro on the right
side of Sample 345-U1415J-10R-1, 43–51 cm (Piece
6), contains large (0.5 cm), altered, skeletal olivine
crystals that do not define SPO. However, the plagio-
clase crystals between the skeletal olivine crystals do
define moderate magmatic foliation (Figs. F64C,
F68A). The observation that there is plagioclase foli-
ation between larger, apparently only weakly de-
formed olivine crystals again supports the suggestion
that foliation started to form at high melt fractions
early in the history of the formation of these cumu-
lates, perhaps as a deposit of crystals from a mag-
matic current. The finer grained (0.5–1.0 mm) troc-
tolitic portion of Piece 6 shows features that are
typical of those found in other units. Strong mag-
matic foliation is defined by tabular plagioclase and
olivine crystals (Figs. F65C, F68B). Olivine crystals
also exhibit skeletal morphologies with limited de-
formation (subgrains but no kinking), but likely with
some annealing, to form smooth grain boundaries
(Fig. F68B, F68C). Small plagioclase crystals (<0.5
mm) are typically annealed, with gently curved grain
boundaries and 120° triple junctions (Fig. F68D). In-
teresting in this sample is a large clinopyroxene
oikocryst extending across the boundary between ol-
ivine gabbro and troctolite, suggesting the boundary
formed under hypersolidus conditions and was sub-
sequently overgrown by late crystallizing clinopy-
roxene (Fig. F64C).

Sample 345-U1415J-11R-1, 22–24 cm (Piece 4), is a
relatively weakly altered troctolite with isotropic
magmatic foliation (Fig. F68E). Large (as wide as 1
cm) skeletal olivine shows some undulose extinction
and subgrain development but no kinking. Tabular
plagioclase crystals have a bimodal grain size distri-
bution, with the larger grains (3–5 mm) showing de-
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formation twins, bent grains, undulose extinction,
and subgrain formation and the smaller grains (<2
mm) showing greater grain-boundary annealing and
less deformation. The presence of this isotropic troc-
tolite within a sequence of foliated troctolite argues
against large-scale, melt-poor shearing of Unit III.
The existence of small annealed plagioclase crystals
within this sample suggests that annealing is not a
consequence of foliation development or strain-in-
duced recrystallization and may simply develop pas-
sively during near-solidus cooling of the units in
Hole U1415J.

Figure F69 shows photomicrographs of an olivine
gabbro (Sample 345-U1415J-25G-1, 11–15 cm [Piece
2]) that, although from a ghost core, exhibits high-
temperature, near-solidus deformation within and
between clinopyroxene oikocrysts. The piece also ex-
hibits a dramatic range in grain size, with large (1–3
cm) clinopyroxene oikocrysts, 0.5–1.0 cm skeletal ol-
ivine crystals, and 0.5–5.0 mm long plagioclase crys-
tals (Fig. F69A). Similar to other samples, larger (1–5
mm) plagioclase crystals commonly show deforma-
tion twinning, whereas finer grained (<1 mm) pla-
gioclase crystals are commonly annealed (Fig. F69B,
F69C). The piece shows no magmatic foliation, but
the smaller plagioclase crystals within the clinopy-
roxene oikocrysts often occur in chain-like clusters
resembling relict grain boundaries within the oiko-
crysts (Fig. F69A, F69E). We speculatively suggest
that these clusters may represent the boundaries of
former 0.5 cm diameter olivine crystals (similar to
those found outside of the oikocryst) that have since
been replaced by clinopyroxene. Figure F69D shows
a narrow zone (0.5–2 mm wide) of submillimeter pla-
gioclase and clinopyroxene crystals between two
large clinopyroxene oikocrysts. Here the grain
boundaries are not annealed, and the tiny (<0.5 mm)
fragments of clinopyroxene suggest that this zone
might be a recrystallized, high-temperature, near-sol-
idus deformation zone between two clinopyroxene
oikocrysts. The presence of subgrains within the
oikocrysts elsewhere in the thin section (Fig. F69A)
indicates that the sample did undergo near-solidus
strain/deformation.

Crystal-plastic deformation
Very little significant, structurally continuous, sub-
solidus crystal-plastic deformation was observed in
the recovered section, barring narrow (1–2 mm
thick) zones of incipient crystal-plastic deformation
(undulose extinction and subgrain formation in pla-
gioclase and olivine and bent grains of clinopyrox-
ene) associated locally with margins of zones of in-
tense cataclasis/ultracataclasis. In addition, four thin
(≤5 cm) intervals of deformation likely associated
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with alteration minerals and reaction weakening (see
also “Cataclastic deformation”) were recovered in
Hole U1415J. These zones are 2–40 mm thick and in-
clude intervals at 65.440 mbsf (Sample 345-U1415J-
11R-1, 44–49.5 cm [Piece 7]), 69.805 mbsf (Sample
12R-1, 11–13 cm [Piece 3A]), 98.965 mbsf (Sample
21R-1, 16–23 cm [Piece 4]), and 101.895 mbsf (Sam-
ple 23R-1, 10–12 cm [Piece 3]). Each zone and the as-
sociated foliation is defined by anastomosing ultra-
fine-grained dark to light brown layers (chlorite and
clay?) separated by lenses hosting porphyroclasts of
plagioclase, prehnite, epidote, clinozoisite/zoisite,
and carbonate that have themselves undergone sub-
grain formation and/or twinning and locally signifi-
cant grain size reduction (Fig. F70). Macroscopic ob-
servations show rotation of foliations into the fine-
grained zones, microfaulting, and asymmetric por-
phyroclasts or “fish” (Passchier and Trouw, 2005). Al-
though sense-of-shear indicators are recognized in
thin section, none of the recovered pieces hosting
these microstructures are oriented; therefore, no
shear sense was determined.

Cataclastic deformation
Brittle structures are locally well developed in Hole
U1415J and comprise roughly 37% of recovered
pieces (Fig. F71). Although nondisplacive microfrac-
turing and veining are by far the most dominant
brittle deformation processes recorded in Hole
U1415J, distinct zones of cataclastic deformation
were recovered. Cores from lithologic Units I and II
(Cores 345-U1415J-2G through 9R) record only mi-
nor brittle deformation, whereas cores from Unit III
reveal thicker zones of variable fracture intensity and
cataclasite/ultracataclasite, especially Cores 12R
(69.70–71.25 mbsf) and 21R (98.80–100.42 mbsf)
(Figs. F71, F72). Cataclastic deformation intensity
rankings in Hole U1415J range from 0 (>60% recov-
ered core length) to 5 (~3% recovered core length).
Figures F73 and F74 show the macroscopic character
of three examples of brittle deformation displaying
the range of cataclastic fabric strength observed in
the core (see “Structural geology” in the “Methods”
chapter [Gillis et al., 2014e]):

1. Dense-anastomosing fractures (Rank 3),
2. Well-developed brecciation (Rank 4), and
3. Cataclasite (Rank 5).

Macroscopic estimates of cataclastic fabric intensity
in core pieces were validated by examination of the
fabric in thin section, where possible.

The dip of zones of cataclastic deformation measured
in core from Hole U1415J varies from gentle to sub-
vertical (mean = 59°; n = 19) (Fig. F75), with no clear
relationship between downhole depth and dip.
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Macroscopic observations show that the cataclastic
deformation zones exhibit heterogeneous grain sizes
and degrees of alteration and reflect the variable in-
tensity of cataclasis over a centimeter scale. The ma-
jority of pieces in Core 345-U1415J-12R are charac-
terized by brittle fabrics of intensity Ranks 3–5 (Fig.
F73A–F73C) and host several types of veins. Most
pieces show little preferred orientation, whereas a
few pieces show strong preferred orientation and de-
velopment of cataclastic foliation (Fig. F73C). Unfor-
tunately, because of the small size of recovered
pieces, none have measurable dips (Fig. F75).

Microscopically, zones of cataclastic deformation in
Core 345-U1415J-12R show very heterogeneous
grain sizes and degrees of alteration. Cataclastic fab-
rics are characterized by grain size reduction by mi-
crocracking and rotation of the primary igneous and
metamorphic minerals, producing angular to sub-
rounded porphyroclasts of variably altered plagio-
clase, pyroxene, prehnite/chlorite, and/or com-
pound gabbroic clasts in a fine-grained clast-clay(?)
matrix (Fig. F73). This microstructure is commonly
cut by prehnite and minor chlorite veins in turn cut
by another period of cataclastic deformation (Fig.
F73F). Crosscutting relations indicate a complex suc-
cession of vein formation and brittle deformation.

As with Core 345-U1415J-12R, most pieces from
Core 21R host brittle structures ranging from dense
anastomosing fractures to cataclasite (Fig. F74A–
F74C). Pieces recovered in Core 21R also contain de-
formed/fractured prehnite and chlorite veins. The
subvertical orientation in these pieces (Fig. F76) is
likely related to veining and associated cataclastic
deformation. One piece shows very well developed
cataclastic foliation (Figs. F70, F74C). The micro-
structure locally hosts both angular and rounded
clasts of plagioclase, clinopyroxene, and prehnite in
a fine-grained matrix (Fig. F74E). Narrow zones of ul-
tracataclasite locally cut the less-fractured host, with
chlorite veins both cutting and deformed by zones of
fracture and/or cataclasis (Fig. F74D, F74F). Cross-
cutting relationships in Core 21R therefore record a
complex succession of vein formation and cataclastic
deformation and suggest that vein formation is at
least locally synchronous with cataclastic deforma-
tion.

In Hole U1415J, unique brittle structures were recov-
ered in several pieces from Cores 345-U1415J-13R,
19R, and 26R. Section 345-U1415J-13R-1 contains a
cream-colored string of fractured anorthosite (Sam-
ple 345-U1415J-13R-1, 18.5–32.0 cm [Piece 4]) (Fig.
F76A) indicating a subvertical zone of localized, rela-
tively “dry” (associated with little alteration) brittle
strain. Microscopic observation illustrates an almost
“shattered” texture characterized by angular plagio-
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clase clasts locally hosted in a chlorite and/or
prehnite matrix (Fig. F76B–F76D).

Several pieces of fractured dolerite adjacent to al-
tered cataclasite were recovered (e.g. Sample 345-
U1415J-19R-1, 63.5–70 cm [Piece 10]) (Fig. F77A).
Microstructural observations suggest that the doler-
ite hosts a chilled/undercooled margin that was
likely emplaced into cohesive cataclastic gabbro
hosting variable intensity prehnite/chlorite altera-
tion. Although subsequently fractured/sheared, grain
size in the dolerite decreases toward the contact be-
tween the two rocks types (Fig. F77B).

The cataclasite zone (interval 345-U1415J-19R-1,
63.5–70 cm [Piece 10]) shows both angular and
rounded clasts of plagioclase, prehnite aggregates,
and clinopyroxene within a partially chlorite filled
matrix (Fig. F77C). Away from the contact with the
cataclastic gabbro, dolerite shows an intersertal tex-
ture characterized by tabular laths of plagioclase
hosting anhedral grains of clinopyroxene (Fig. F77D)
cut locally by branching chlorite-filled zones of cata-
clasis. The contact zone between the cataclasite zone
and dolerite zone shows two distinct ultracataclasites
(Fig. F77E). These ultracataclasites contain minerals
from each rock type, indicating that it could be de-
rived from both dolerite and cataclasite (Fig. F77F).
Although both epidote and chlorite veins cut the
dolerite, contact zone, and cataclastic gabbro, these
veins were deformed by later cataclasis (Fig. F77B,
F77E, F77F), implying deformation and fluid flow
likely were repeated events under medium- and low-
grade metamorphic conditions (≤400°C; see “Meta-
morphic petrology”).

A thin interval of dolerite cataclasite was recovered
in Core 23R (Sample 345-U1415J-23R-1, 9.5–13 cm
[Piece 3]) with widely developed epidote and
prehnite veins (Fig. F78A). This zone of intense cata-
clasis comprises clasts of epidote, prehnite, and al-
tered minerals in a fine-grained matrix of prehnite
(Fig. F78B, F78C). Clasts of epidote, prehnite, and
other fine-grained alteration minerals form aggre-
gates that locally include chlorite. The dolerite hosts
epidote, clinozoisite, and prehnite veins that show
mutually crosscutting relations (Fig. F78D). Between
veins, dolerite locally shows ultracataclastic texture.
Furthermore, dolerite contains a chilled margin,
again cut by a zone of cataclasis, with a sharp bound-
ary between the two (Fig. F78A, F78E). Crosscutting
relationships indicate a complex succession of doler-
ite and vein intrusion and cataclasis, suggesting that
the successive cataclastic deformation and fluid flow
events occurred after dolerite intrusion under rela-
tively medium and low grade metamorphic condi-
tions.
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In the deepest core recovered, Core 345-U1415J-26R,
cataclastic rock appears less altered with angular and
rounded plagioclase clasts in a fine-grained matrix
derived from plagioclase, clinopyroxene, and
prehnite, within which a narrow ultracataclasite
zone has developed (Fig. F79). Prehnite only par-
tially replaces plagioclase, with fractured plagioclase
locally filled by chlorite (Fig. F79C). Crosscutting re-
lationships suggest that cataclasis of the gabbro oc-
curred prior to infiltration by prehnite and chlorite,
similar to relations seen above in other sections.

Alteration veins
Alteration veins represent a ubiquitous, although
volumetrically insignificant, component of the rock
types recovered in Hole U1415J and reflect the crack-
ing and fluid circulation experienced by the gabbroic
rocks exposed at the Hess Deep Rift. Alteration veins
are filled with various types of “secondary” minerals
or mineral assemblages, including talc, amphibole,
epidote, chlorite, serpentine, prehnite, carbonate,
zoisite, zeolite, and clay minerals (see “Metamor-
phic petrology”).

Vein shape and structure of the vein-filling 
material
Alteration veins recovered in Hole U1415J are all
very thin; their maximum thickness rarely exceeds 5
mm. Veins thicker than 1 mm are not frequent, with
the large majority being only a few hundred mi-
crometers across. The thinnest veins identified with
the naked eye, and thus systematically logged, are
~100 µm thick, but thin section observation reveals
a population of much thinner alteration veins. A
continuum exists between “macroscopic” and “mi-
croscopic” veins and what is described as pervasive
alteration.

Vein length generally exceeds the width of the core
(~6 cm), but vein tips are quite common. Therefore,
we inferred that veins are rather short features, likely
not much longer than a few decimeters. Most veins
have irregular geometry (lightning-bolt shapes; Fig.
F80A), with many veins curved, and form intricate
networks with complex branching and crosscutting
relationships. Networks with regularly spaced paral-
lel veins are less common; they were only observed
in lithologic Unit III (Fig. F80B). En echelon vein
networks, diagnostic of crack-opening in a shear-
stress regime, are virtually absent.

Texture of the vein-filling material depends on min-
eralogy; some minerals preferentially develop a fi-
brous texture, whereas others are more blocky. Most
veins show evidence of progressive filling from their
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walls and are termed crack-seal veins. This type of
vein is best illustrated by chlorite veins that com-
monly show two sets of fibers that grew from each
vein wall and join in the center of the vein (Fig.
F81A). This relationship shows that veins were previ-
ously open cracks where hydrothermal fluids circu-
lated and eventually sealed with alteration minerals.
Some veins show evidence of multiple filling with
different minerals. In some rare examples, the filling
was not completed and geode-like microcavities are
preserved.

Many veins show evidence of weak to moderate
shearing parallel to their walls (Fig. F81B–F81E). This
shearing may be locally intense in intervals affected
by postvein emplacement cataclasis. Filled tension
gashes were observed in some cataclasites (Fig. F81F),
potentially affording an estimate of paleostress ori-
entation in oriented blocks.

Alteration vein density
Alteration veins are found in ~75% of the cored
length, with an average density of a few veins per
decimeter and average vein thickness of <1 mm. Ac-
cordingly, veins represent <<1% of the volume of the
recovered cores. A sampling bias likely exists because
of the brittle nature of the veins. In fact, some pieces
are limited at both ends by thick alteration halos, al-
lowing us to infer that intervals of intensely altered
veins (thick veins or intervals with high vein den-
sity) were not recovered.

A semiquantitative scale ranging from 0 (no veins) to
5 (>20 intercepts with veins per 10 cm) was used to
describe downhole variations in vein density (see
“Structural geology” in the “Methods” chapter
[Gillis et al., 2014e]). When considering the entire
hole, the different density ranks occur at approxi-
mately equal frequency (Fig. F82). However, veins
are not evenly distributed throughout Hole U1415J;
vein density presents a marked and rather progres-
sive increase downhole (Fig. F83). In summary, the
upper two units of the hole (above 55.3 mbsf; Cores
345-U1415J-3R–5R, 8R, and 9R) have overall low
vein density. Almost 40% of the recovered core
length in these units has no veins, and <10% of the
recovered length has high vein density (Classes 4
and 5). In contrast, Unit III (55.30–104.55 mbsf) is
characterized by ~50% of the cored length exhibiting
a high to very high alteration vein density.

Alteration vein dip
Many pieces recovered from Hole U1415J are long
enough to allow measurement of vein dip. The en-
tire range of dips, from shallow to vertical, is ob-
served over the length of the hole (Fig. F84). At the
scale of single pieces, we observed that the scatter in
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vein azimuth is also quite high. Accordingly, the ori-
entation of alteration veins can be described as glob-
ally random; they form a network with no preferred
orientation, consistent with hydraulic fracturing.

When comparing vein dips from the upper two units
(I and II) with those from Unit III, dips preserve ran-
dom orientation in the upper half of the hole and
show two maxima, one at intermediate dips and a
second subvertical maximum in Unit III (Fig. F85).
This tendency is confirmed by observations at the
scale of some larger pieces of core showing two pre-
ferred vein orientations (Fig. F80A).

No relationship between vein dip and vein mineral-
ogy is recognized (Fig. F86). Chlorite and prehnite
veins are present throughout the entire hole,
whereas epidote and talc veins have a more restricted
distribution primarily correlated with one of the
zones of cataclasis in Core 345-U1415J-12R. Low-
temperature zeolite veins are most common in Units
I and II, with rare zeolite veins recognized as deep as
85 mbsf (Core 18R).

Crosscutting relationships and apparent vein 
chronology
Alteration veins are observed both in rock where the
background alteration is poorly developed (Fig.
F81B) and in highly altered core (Fig. F81A). Em-
placement of alteration veins may therefore both
predate and postdate an early stage of pervasive al-
teration. The mineralogy of the vein-filling material
may change according to the nature of the crosscut
mineral (e.g., the same vein may be filled with
prehnite through plagioclase and serpentine when
through olivine).

Apparent crosscutting relationships were frequently
observed, but in detail it is hard to distinguish be-
tween actual crosscutting and branching relation-
ships. Very few measurable offsets were identified. A
systematic hierarchy in crosscutting relationships be-
tween veins with different fillings is hard to estab-
lish. Epidote, amphibole, and talc veins are generally
early and predate the cataclastic deformation (if
present). Chlorite veins are also generally affected by
late deformation events but can be contemporane-
ous with cataclasis, as attested by tension gashes
filled with chlorite. Prehnite veins can be deformed
but most cut previous structures, although chlorite
veins crosscutting prehnite veins were observed in
some thin sections. Zeolite veins are clearly late, as
they crosscut all other features.

Temporal evolution
Temporal evolution of structures recovered in Hole
U1415J is, from oldest to youngest,
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• Intrusion of moderately high MgO MORB mag-
mas;

• Crystallization of olivine-rich cumulates and
formation of magmatic layering;

• Development of magmatic foliation initially at
high-melt fractions (>40%);

• Shearing/viscous compaction–accentuated foli-
ation intensity in troctolitic intervals, accompa-
nied by some hypersolidus crystal-plastic
deformation in the mush;

• Likely static, near (above and below)-solidus
annealing of plagioclase grain boundaries;

• A complex history of cataclastic faulting pre-
served in Unit III associated with either East
Pacific Rise or Nazca-Cocos faulting including
• Localized extensional cataclasis and fluid

flow associated with faulting and low-temper-
ature (<400°C) vein formation,

• Vein intrusion,
• Cataclasis,
• Emplacement of dolerite dikes, and
• Cataclasis

• Open fractures possibly associated with mass
wasting; and

• Accumulation of 10–100 m thick slump blocks
in a mass wasting deposit.

Paleomagnetism
Remanence data

Continuous measurements
Remanence measurements were made at 2 cm inter-
vals on all archive-half core pieces longer than ~9
cm. All archive-half cores were subjected to stepwise
alternating field (AF) demagnetization at 5 mT steps
up to maximum peak fields of 80 mT. Remanence
data and corresponding archive-half core point mag-
netic susceptibility data were filtered to preserve
only data corresponding to the intervals where re-
manence measurements were made and to discard
data obtained within 4.5 cm of piece ends.

For the purpose of characterization based on bulk
magnetic parameters, the lithologies recovered from
Hole U1415J are grouped into two categories. Group
1 consists of gabbroic rock (olivine-bearing gabbro,
olivine gabbro, orthopyroxene-bearing olivine gab-
bro, gabbronorite, olivine-bearing gabbronorite, and
oikocrystic gabbro) with a geometric mean natural
remanent magnetization (NRM) intensity of 22.6
mA/m (range = 0.9–893 mA/m; n = 66) (Fig. F87).
These values are considerably lower than geometric
mean values for gabbroic samples (~1 A/m) reported
by Gee and Kent (2007), who compiled NRM intensi-
ties (reduced to equatorial latitudes) from a range of
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sites where generally more evolved gabbros were en-
countered than during Expedition 345 (Varga et al.,
2004; Gee et al., 1992, 1997; Kikawa and Pariso,
1991; Dick, Natland, and Miller, 1999; Kelemen, Ki-
wawa, Miller, et al., 2004; Cannat, Karson, and
Miller, 1995; Pariso et al., 1996; Blackman, Ildefonse,
John, Ohara, Miller, MacLeod, and the Expedition
304/305 Scientists, 2006). Group 2 consists of trocto-
litic rock (troctolite, troctolitic olivine gabbro, and
clinopyroxene oikocryst-bearing troctolite) with a
geometric mean NRM intensity of 1.00 A/m (range =
109 mA/m to 8.140 A/m; n = 36) (Fig. F87). The geo-
metric mean magnetic susceptibilities of Group 1
and 2 samples are 77.6 × 10–5 and 471.4 × 10–5 SI, re-
spectively. Higher mean intensities and susceptibili-
ties in the troctolitic rock most likely reflect variable
degrees of serpentinization of these more olivine-
rich lithologies leading to the production of second-
ary magnetite (see “Metamorphic petrology”).

Remanent magnetization directions were calculated
by principal component analysis (PCA; Kirschvink,
1980) at all measurement points along the core
pieces where linear components could be identified
on orthogonal vector plots of demagnetization data.
Only principal components with a maximum angu-
lar deviation <10° were considered acceptable. Figure
F88 shows representative examples of AF demagneti-
zation behavior, and Figure F89 shows downhole
variations in NRM and PCA pick inclinations, NRM
and PCA pick intensities of magnetization, and low-
field magnetic susceptibility measured using the Sec-
tion Half Multisensor Logger (SHMSL). The majority
of samples have an initially downward directed re-
manence, with evidence of inclination steepening
caused by acquisition of a drilling-induced magneti-
zation that is at least partially removed by low-field
treatments (<15 mT). This is followed by removal of
a moderately inclined, downward-directed compo-
nent, typically by fields of 25–30 mT (Fig. F88). The
mean inclination of this component is 37.5° (k =
20.7; α95 = 3.9°; n = 69), calculated using the Arason
and Levi (2010) maximum likelihood method. Dur-
ing removal of this component, remanences typi-
cally migrate to the upper hemisphere, but no linear
components with negative inclination are present.
Instead, at demagnetization fields >30 mT rema-
nence directions migrate back to the lower hemi-
sphere and intensities of magnetization increase
continuously up to the peak applied field of 80 mT
(Fig. F88D, F88F). This behavior is due to acquisition
of spurious, laboratory-imparted, anhysteretic rema-
nent magnetization (ARM) along the z-axis of the su-
perconducting rock magnetometer (SRM) system,
which has been a characteristic problem of the SRM
system observed during several IODP expeditions
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(e.g., Teagle, Ildefonse, Blum, and the Expedition
335 Scientists, 2012). In rare examples, linear com-
ponents decaying toward the origin without signifi-
cant ARM acquisition are successfully isolated (Fig.
F88G, F88H), although in some cases this final com-
ponent is directed along the z-axis of the SRM (Fig.
F88I) and must be treated with caution as a potential
ARM. Unfortunately, clear examples of demagnetiza-
tion unaffected by ARM acquisition are limited in
number. In the majority of cases, anomalous ARMs
in archive-half core samples prevent isolation of suf-
ficient high-coercivity components to allow geologi-
cal interpretation. The significance of the moder-
ately inclined, downward-directed component with
medium coercivity is discussed in “Reliability of
linear remanence components in superconduct-
ing rock magnetometer data.”

Discrete samples
Shipboard experiments were conducted on 27 dis-
crete minicube samples from Hole U1415J. Two sam-
ples were AF demagnetized, one sample was ther-
mally demagnetized, and the remaining 24 samples
were subjected to two cycles of low-temperature de-
magnetization (LTD) followed by thermal demagne-
tization. In all cases, remanent magnetization direc-
tions were calculated by PCA for all demagnetization
intervals where linear components could be identi-
fied on orthogonal vector plots of demagnetization
data. Only principal components with a maximum
angular deviation <10° were considered acceptable
(Table T10). Two samples displayed erratic demagne-
tization data. One of these (Sample 345-U1415J-13R-
1, 28 cm) came from a piece of white, highly altered
troctolite with an exceptionally low NRM intensity
(0.5 mA/m) in which intense alteration may have re-
sulted in destruction of remanence-carrying phases.
These samples are not discussed further. The remain-
ing samples are divided into three categories accord-
ing to demagnetization behavior and reliability:

1. Samples with large oikocrysts,
2. Samples with high unblocking temperature sin-

gle components of magnetization, and
3. Samples with multicomponent remanences.

Samples with large oikocrysts

Five discrete samples were collected in gabbro and
troctolite containing large pyroxene oikocrysts. Fig-
ure F90 shows orthogonal vector plots and stereo-
graphic projections of demagnetization data from
two adjacent samples collected from Section 345-
U1415J-8R-1. These discrete samples include large
oikocrysts in the 8 cm3 minicubes. Sample 8R-1, 80
cm, unblocks across the full range of temperatures
(see inset normalized intensity decay curve in Fig.
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F90) and then displays a high unblocking tempera-
ture component that decays to the origin with a dec-
lination of 023.2° and inclination of –41.7°. In con-
trast, Sample 8R-1, 84 cm, has a significant drilling-
induced magnetization that is removed by low-tem-
perature demagnetization to leave a steeply inclined
component that unblocks close to the magnetite Cu-
rie temperature (585°C), with a declination of 206.3°
and an inclination of –79.5°. Hence, these two adja-
cent samples record significantly different magneti-
zation directions, with a solid angle of 59° between
PCA components. This is beyond the variability that
may be attributed to unresolved secular variation, es-
pecially in samples that must have experienced
nearly the same cooling history. The source of this
variability in this heterogeneous, coarse-grained,
oikocryst-bearing rock is uncertain. As a precaution,
these data and those from the remaining three oiko-
crystic discrete samples are excluded from subse-
quent geological interpretation.

Samples with high unblocking temperature single 
components of magnetization

Samples from a wide range of lithologies (gabbroic
and troctolitic) display well-defined linear rema-
nence components following removal of variably de-
veloped drilling-induced magnetizations by low-
temperature demagnetization or treatment by fields
of <20 mT. A selection of typical examples is shown
in the orthogonal vector plots of Figure F91. Some
samples display a bend in the thermal demagnetiza-
tion path (e.g., Samples 345-U1415J-5R-1, 130 cm,
and 13R-1, 42 cm) at ~550°C before decaying lin-
early toward the origin. In such cases, the highest
unblocking temperature segment has been picked as
the characteristic remanence component.

Unblocking temperature spectra for these samples
are remarkably similar to each other (Fig. F92), with
~70% of remanence lost within 40°C of the magne-
tite Curie temperature. Such discrete unblocking at
high temperatures is characteristic of thermorema-
nent magnetizations carried by fine-grained (single
domain and pseudosingle domain) grains of magne-
tite, and such remanences are unlikely to have been
thermally overprinted after thermoremanent magne-
tization acquisition. Hence, we interpret these com-
ponents as the primary magnetization in this rock,
suitable for subsequent geological interpretation be-
low.

Samples with multicomponent remanences

Three discrete samples in Hole U1415J display com-
plex demagnetization paths that include multiple
linear remanence components within each sample
and are illustrated in Figure F93. Each exhibits a
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high-temperature remanence component that un-
blocks above 500°/520°C (red labels) and an interme-
diate temperature component of nearly antipodal di-
rection that unblocks between 425°/450°C and 500°/
520°C (green labels). In addition, Sample 345-
U1415J-23R-1, 22 cm, displays a third component
that unblocks between 100° and 350°C (blue label)
that is nearly parallel to the highest unblocking tem-
perature component in this sample. These multiple,
nearly antipodal components strongly suggest that
remanence in these samples was acquired in differ-
ent geomagnetic polarity periods. However, without
independent reorientation of the core piece and re-
covery of original declinations it is impossible to de-
fine the original polarity of each component.

Similar multicomponent, multipolarity remanences
have been seen previously in lower crustal rock re-
covered by drilling in slow-spreading crust along the
Mid-Atlantic Ridge. Meurer and Gee (2002) reported
three components of different polarities in gabbro
from the Mid-Atlantic Ridge Kane Fracture Zone area
sampled during ODP Leg 153 and interpreted these
as components acquired across the Jaramillo Sub-
chron and Matuyama and Brunhes Chrons during
protracted construction of the lower crust by intru-
sion of thin sills. Morris et al. (2009) reported three
component remanences from gabbro recovered from
the footwall of Atlantis Massif sampled during IODP
Expedition 304/305 and showed that the multicom-
ponent remanences resulted from prolonged cooling
of the section across the polarity reversals on either
side of the Jaramillo Subchron. In both cases, the
data provide constraints on the thermal history of
the sampled sections. Alternatively, such rema-
nences might result from successive phases of altera-
tion and acquisition of thermoviscous magnetiza-
tions. Clearly, further sampling and detailed thermal
demagnetization and rock magnetic experiments are
now required in order to understand the distribu-
tion, origin, and geological significance of multi-
component remanences within gabbro recovered
from Hole U1415J.

Reliability of linear remanence components
in superconducting rock magnetometer data
As noted previously, archive-half core data from the
SRM show a characteristic, moderately inclined, lin-
ear remanence component at AF steps below ~30 mT.
This occurs after apparent removal of the drilling-in-
duced remanence and prior to the acquisition of sig-
nificant anhysteretic remanence at higher fields. In
Hole U1415J, this component has a well-defined
mean inclination of 37.5° (k = 20.7; α95 = 3.9°; n =
69). It is important, therefore, to determine whether
this linear component is a distinct natural compo-
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nent of potential geological significance or whether
it represents an artifact of spurious origin.

Figures F94 and F95 provide a comparison of LTD/
thermal demagnetization data from discrete samples
(measured using the JR6A spinner magnetometer)
and the equivalent archive-half core demagnetiza-
tion data measured using the SRM (within 2 cm of
the discrete sample). Only one sample (345-U1415J-
8R-3, 112–113 cm; Fig. F94A) shows a good correla-
tion between these data types and is a sample with
no significant drilling-induced magnetization or
ARM. Such behavior in the archive-half core data is
rare (seen at 14 out of 102 measuring points). The re-
maining samples show a variety of mismatches be-
tween archive-half core and discrete sample data.
Sample 8R-3, 84 cm, has a single, well-defined rema-
nence component with an upward-directed inclina-
tion (Fig. F94B). Equivalent archive-half core data
display the common, moderately inclined, down-
ward-directed component, but demagnetization data
follow a great circle connecting the NRM direction to
the final ARM direction that passes through the dis-
crete sample direction without reaching a stable end-
point. Samples 5R-2, 61 cm (Fig. F94C), and 13R-1,
42 cm (Fig. F94A), have high unblocking tempera-
ture components with southeast declinations that
are distinctly different from all parts of the equiva-
lent archive-half core demagnetization paths. Sam-
ple 18R-1, 144 cm, displays two well-defined compo-
nents with upward-directed inclinations and
northeast declinations (Fig. F95B). The equivalent
archive-half core data define a curved path on the
lower hemisphere that connects the NRM and ARM
directions without passing onto the upper hemi-
sphere. Finally, archive-half core data corresponding
to the clearest sample carrying a multicomponent re-
manence (Sample 23R-1, 22 cm) define a box-shaped
demagnetization path on an orthogonal vector plot
with no convincing linear segments between the
drilling-related and ARM components (Fig. F95C).
Hence, in the majority of cases, poor to no correla-
tion exists between well-defined discrete sample
magnetization directions and equivalent archive-
half core data, which must therefore be treated with
extreme caution.

Figure F96A shows a stereographic equal-area projec-
tion of the downward-directed linear component
(present in the majority of archive-half core demag-
netization data) from measurement points in the im-
mediate vicinity of discrete samples. These data
come from a range of core pieces that are azimuth-
ally unconstrained in the core reference frame yet
show significant clustering toward northwest–north-
east declinations. Equivalent discrete sample high
unblocking temperature components (Fig. F96B) are
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widely scattered in declination, which is expected
for data from core pieces that are free to rotate in the
core barrel with both upward- and downward-di-
rected inclinations. These data further confirm that
the downward-directed linear component in the ar-
chive-half core samples has no geological signifi-
cance.

Detailed previous studies of the geometry of drilling-
induced remanences in ODP core sections have doc-
umented a pronounced radial drilling-induced mag-
netization component in addition to the dominant
subvertical component. In particular, experiments
conducted during ODP Leg 206 (Shipboard Scientific
Party, 2003) on a suite of subsamples cut from a
whole-round basaltic core piece in Hole 1256D dem-
onstrated that drilling-related overprints result in a
bias of archive-half core remanences toward north-
erly declinations in the core reference frame (i.e., to-
ward the center of the core section). The preferred
clustering of directions seen in Figure F96A may
therefore result from the effects of this drilling-re-
lated bias.

Geological interpretation of inclination 
data from discrete samples

Inclinations of the highest unblocking temperature
components in discrete samples from Hole U1415J
are illustrated in Figure F97. Samples are presented
sequentially rather than by depth scale to allow
comparison of data from widely spaced sampling
points. Data from oikocrystic rock are excluded.
Both upward- and downward-directed inclinations
were observed, with inclinations ranging from +55°
to –73° (compared to an expected geocentric axial di-
pole field inclination of ±4.7°). Therefore, these data
indicate substantial rotation of the cored section. A
clear distinction exists between downward-directed
magnetizations in the upper part of Hole U1415J
(Cores 345-U1415J-3R through 8R) and upward-di-
rected magnetizations in the lower part (Cores 9R
through 23R), although data are insufficient to de-
termine statistically robust mean inclinations.
Within these groups, variation in inclination be-
tween samples may be due to incomplete averaging
of geomagnetic secular variation at the sample level
or to the effects of strong anisotropy in sampled li-
thologies. Sample 345-U1415J-13R-1, 42 cm, is in-
ferred to be anomalous, as structural observations in
this section suggest sampling of a block that has
fallen in the hole.

With a subhorizontal expected direction of magneti-
zation at Hess Deep, the magnetic polarity of this
rock cannot be uniquely determined in the absence
of reoriented core samples. However, U-Pb dating of
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zircons from samples collected in the immediate vi-
cinity of Site U1415 during the JC21 site survey
cruise yielded ages of 1.42–1.27 Ma (Rioux et al.,
2012). These dates lie in the middle of reversed po-
larity Chron C1R (Cande and Kent, 1995), suggest-
ing that any primary magnetizations preserved in
the sampled rock should be of single, reversed polar-
ity. Hence, coherent tectonic rotation of the sampled
section is incompatible with observed upward- and
downward-directed remanences. These data strongly
suggest, therefore, that at least two displaced blocks
with independent rotation histories have been sam-
pled in Hole U1415J. The interval from the top of
the hole to ~40 mbsf (Sample 345-U1415J-8R-3, 113
cm) should therefore be treated separately from the
interval below 40 mbsf in lithologic and structural
syntheses. This grouping is equivalent to lithologic
Units II and III. In addition, the anomalously high
inclination of Sample 9R-1, 47 cm, and the presence
of shallowly inclined, high unblocking temperature
components in multicomponent-bearing Samples
23R-1, 22 and 51 cm, potentially indicate that these
data also come from blocks that have experienced
differential rotation during emplacement to their
present orientation (although data are too restricted
to confirm this).

Magnetic susceptibility, natural remanence 
intensity, and Königsberger ratio

In mafic igneous rock, low-field magnetic suscepti-
bility (k) is principally controlled by the volume con-
centration of magnetite. NRM variability is also con-
trolled by variations in magnetite content but may
also be influenced by variability in the magnitude of
drilling-induced remanent magnetizations. The rela-
tion of NRM intensity and susceptibility is expressed
by the Königsberger ratio (Q), which is defined as the
ratio of remanent to induced magnetization in a
rock (where induced magnetization equals the prod-
uct of k (SI) and the geomagnetic field strength
(A/m). Values of Q > 1 indicate that remanence dom-
inates the magnetization of a rock unit.

Figure F98 shows a log-log plot of NRM intensity
against k for archive-half core and discrete samples
from Hole U1415J, together with lines of equal Q cal-
culated for a field of 25 A/m. The majority of sam-
ples plot above Q = 1 and close to Q = 10. This sug-
gests that parts of the sampled section with higher
NRM intensities may contribute a significant frac-
tion to marine magnetic anomalies when in situ.
However, caution is required in the interpretation of
Q ratios calculated for these samples, as NRM inten-
sities may be artificially increased by drilling-in-
duced magnetization.
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Anisotropy of magnetic susceptibility
Anisotropy of magnetic susceptibility (AMS) was
measured from 27 discrete samples in Hole U1415J.
Each sample was measured three times to check con-
sistency and maintain quality control on any ship-
board noise. These three measurements were aver-
aged using a bootstrap approach to determine the
average AMS eigenparameters for each discrete sam-
ple (Table T11). Eigenvectors and their associated
bootstrapped uncertainties are illustrated on the
equal-area stereographic projections in Figure F99.
Susceptibility tensors are weakly to moderately
anisotropic (corrected anisotropy degree [P′] < 1.40;
mean = 1.13) (Jelinek, 1981). A majority of ellipsoid
shapes are oblate, although all three shapes (triaxial,
oblate, and prolate) are also represented in these
samples (Fig. F99C). Bulk susceptibilities range from
1.26 × 10–4 to 5.87 × 10–2 SI, with an average of 7.35 ×
10–3 SI that indicates predominance of ferromagnetic
mineral contributions to the AMS signal in most
samples.

Five samples have large (>25°) bootstrapped confi-
dence ellipses around their eigenvectors, suggesting
weak signals and inconsistent repeated measure-
ments from the same sample. These five samples
(345-U1415J-3R-1, 26 cm; 8R-3, 68 cm; 12R-1, 109
cm; 21R-1, 57 cm; and 21R-1, 120 cm) have an aver-
age bulk susceptibility of 2.40 × 10–4 SI, suggesting
that some paramagnetic minerals may contribute to
the signal. These samples are not shown in Figures
F99A and F99B, and they are also disregarded from
further geological interpretation until the AMS
source can be better determined.

Structural measurements of magmatic foliation in
the upper portion of Hole U1415J show close agree-
ment with the AMS fabrics (minimum eigenvector
[kmin] near the magmatic foliation pole) and indicate
well-developed fabrics that consistently dip eastward
within the core reference frame (Fig. F99A). How-
ever, intersample fabric consistency is not evident
deeper in Hole U1415J (below ~45.66 mbsf), and a
wider range of eigenvector directions is illustrated in
Figure F99B. Overall, AMS magnetic foliation is
nearly parallel to the magmatic foliation (average
solid angle between kmin and magmatic foliation pole
<30°), with only one sample (345-U1415J-18R-1, 144
cm) showing poor agreement with the structural fab-
ric (solid angle = 66°).

Inorganic geochemistry
Chemical analyses were performed on 1 aphyric ba-
salt and 24 plutonic rocks (including 14 orthopyrox-
ene- and olivine-bearing gabbroic rocks), 8 samples
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from troctolite-dominated intervals, and 2 samples
of drill cuttings. Sample selection was based on dis-
cussion among representatives from all expertise
groups within the shipboard scientific party. Induc-
tively coupled plasma–atomic emission spectroscopy
(ICP-AES) was used for determining major and trace
element concentrations, and gas chromatography
was used for S, H2O, and CO2 quantification. Se-
lected data are shown in Figures F100, F101, F102,
and F103 and fully reported in Table T1 in the “Geo-
chemistry summary” chapter (Gillis et al., 2014c).
Major and trace elements are reported on a volatile-
free basis.

Aphyric basalt
One aphyric basalt was sampled from the rubble unit
in ghost Core 345-U1415J-2G (Sample 345-U1415J-
2G-1, 0–13 cm). The basalt is strongly altered (~30%;
see “Metamorphic petrology” and thin section de-
scriptions in “Core descriptions”), with a loss on ig-
nition (LOI) of 1.86 wt% and 1.8 wt% H2O, and is
characterized by a relatively high Mg# of 69, high Cr
(520 ppm) and Ni (210 ppm) contents, and low in-
compatible trace element contents (e.g., Y = 24
ppm). Major element geochemistry defines this rock
as a tholeiitic basalt, similar in composition to the
primitive MORB previously sampled in the Hess
Deep area at Site 894 (Shipboard Scientific Party,
1993) and at the more primitive end of the East Pa-
cific Rise basalt recovered along the Northern Escarp-
ment of the Hess Deep Rift (Mg# = 44–66; Stewart et
al., 2002).

Gabbroic rock

Olivine gabbro, clinopyroxene oikocryst-
bearing gabbro, and gabbro
The analyzed gabbroic samples comprise three gab-
bro samples, one clinopyroxene oikocryst-bearing ol-
ivine gabbro sample, and nine olivine-bearing and
olivine gabbro samples (>5% olivine); minor or-
thopyroxene (0.1%–4%) is reported in the gabbroic
rock sampled in Intervals 5, 11, 32, 38, and 42 in
lithologic Unit II (see “Igneous petrology” and thin
section descriptions in “Core descriptions”). All
samples are altered to various degrees, with LOIs
ranging from 1.1 to 5.9 wt%. The water content
(1.2–5.3 wt%) correlates with the LOI (Fig. F100).
CO2 content is low (0.01–0.4 wt%) and does not ap-
pear to correlate with any of the other analyzed ele-
ments or with any igneous and alteration features re-
ported in the thin section descriptions. Sulfur is
highly variable (160–1740 ppm) in the analyzed gab-
bro. Minor pyrite, pentlandite, and chalcopyrite
were observed in Hole U1415J (see “Metamorphic
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petrology”). The observed variations in sulfur com-
positions are probably related to the amount of sul-
fide in the analyzed samples.

Hole U1415J gabbro has primitive compositions,
with Mg# 81–87 and 130–490 ppm Ni (Fig. F101).
The gabbro overlaps in composition of major and
trace elements (Figs. F102, F103) with the gabbroic
rocks sampled in Hole U1415I, with 45–50 wt% SiO2,
0.1–0.3 wt% TiO2, and 1.6–6.5 ppm Y. No systematic
compositional variations were observed downhole
(Fig. F101) or between the oikocryst-bearing gabbro,
olivine gabbro, and gabbro samples (see Table T1 in
the “Geochemistry summary” chapter [Gillis et al.,
2014c]). Compared to the relative minor changes in
Mg#, strong variations in CaO, Al2O3, and Na2O as
well as in trace element compositions, in particular
Sc, were observed (e.g., Al2O3 = 13–25 wt%) (Fig.
F102). These variations mainly reflect local changes
in the primary plagioclase- and clinopyroxene-domi-
nated modal composition of the samples, with vari-
able amounts of olivine. Na2O and Al2O3 are concen-
trated mainly in plagioclase, CaO and Sc are mainly
concentrated in clinopyroxene (the former is abun-
dant in plagioclase also), and olivine is depleted in
all of these elements.

The gabbroic rocks sampled in Hole U1415J have Cr
compositions ranging from 200 to 850 ppm, which
is typical of primitive gabbroic series (e.g., Cannat,
Karson, Miller, et al., 1995; Godard et al., 2009), ex-
cept for three samples characterized by low Cr con-
centrations (<100 ppm). These low concentrations
may reflect a change in the mobility of Cr during al-
teration; the Cr-depleted samples were recovered be-
tween 99 and 104 mbsf, where cataclasites and high-
temperature alteration (500°–600°C) are reported
(see “Metamorphic petrology”). Three samples are
distinguished by their high Cr content (2100–2500
ppm) (Fig. F101). These variations could not be cor-
related with any igneous and alteration features ob-
served in thin sections (see thin section descriptions
in “Core descriptions”) or with other analyzed ele-
ments. These high Cr concentrations may reflect the
occurrence of Cr-rich clinopyroxene and/or of a Cr-
rich minor phase (e.g., chromite) in the samples. The
origin of the high Cr contents of these olivine gab-
bro samples will be further investigated using on-
shore technical facilities (e.g., by electron probe mi-
croanalyzer).

Troctolitic intervals
Eight samples were collected from the troctolite-
dominated intervals from lithologic Units II and III:
three clinopyroxene oikocryst-bearing troctolite
samples (Intervals 24, 38, and 47) in Unit II and two
Proc. IODP | Volume 345
troctolite samples (Intervals 58 and 73), one clinopy-
roxene-bearing troctolite sample (Interval 66), one
olivine-bearing anorthosite sample, and one chro-
mitite sample (345-U1415J-18R-1, 67–72 cm; see “Ig-
neous petrology”) in Unit III. The LOI (2.7–9.1
wt%) and H2O content (2.2–7.9 wt%) of the trocto-
litic samples are correlated (Fig. F100); on average,
they are higher than that of Hole U1415J gabbro.
The highest water contents were observed in samples
having the highest olivine content in their primary
assemblage (45%–50% olivine in Samples 345-
U1415J-13R-1, 38–44 cm, and 19R-1, 15–19 cm).
These samples reflect the water-rich composition of
the alteration minerals replacing olivine, such as ser-
pentine (~13 wt% H2O) (see “Metamorphic petrol-
ogy” and thin section descriptions in “Core descrip-
tions”). CO2 (0.01–0.3 wt%) and sulfur (310–1160
ppm) contents are highly variable and similar to
those of Hole U1415J gabbro.

Olivine-bearing anorthosite, troctolite, and clinopy-
roxene oikocryst-bearing troctolite overlap in com-
position with Hole U1415J gabbro for most major el-
ements (Figs. F101, F102). Similar to gabbro, they
display highly variable CaO, Na2O, and Al2O3 con-
tents that mainly reflect the variable plagioclase/
clinopyroxene ratios in the analyzed samples. For ex-
ample, olivine-bearing anorthosite is distinguished
by its high Al2O3 content (26.8 wt%) compared to
Hole U1415J troctolitic samples (Al2O3 = 12.0–21.4
wt%). Olivine-bearing anorthosite, troctolite, and
clinopyroxene oikocryst-bearing troctolite also over-
lap in composition with gabbro for Cr (365–680
ppm), Zn (18–48 ppm), and Cu (11–110 ppm), al-
though plagioclase-rich olivine-bearing samples
from the cataclasite interval at the bottom of Unit II
(~38 mbsf) have low Cr contents (<35 ppm) (Fig.
F101). In contrast to the Cr-depleted gabbros sam-
pled at the bottom of Hole U1415J, no indication is
apparent of a change in the conditions of alteration
in these samples compared to neighboring samples;
only the presence of talc could indicate a different
alteration pathway that may have affected Cr mobil-
ity (see “Metamorphic petrology” and thin section
descriptions in “Core descriptions”). It must be
noted also that gabbro (Sample 345-U1415J-8R-3,
35–38 cm) sampled next to the most Cr-depleted
troctolite (Sample 8R-3, 26–29 cm) has a composi-
tion typical of the gabbro sampled in Hole U1415J
(590 ppm), indicating that the Cr composition in
this rock is controlled by highly localized processes. 

Troctolite has Mg# ranging from 81 to 89 and high
Ni contents (260–1490 ppm) (see Table T1 in the
“Geochemistry summary” chapter [Gillis et al.,
2014c]). Ni is highly concentrated in olivine, and the
most Ni rich samples are also the ones that have the
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highest fraction of olivine in their primary assem-
blage (e.g., Samples 345-U1415J-13R-1, 39–41 cm,
and 19R-1, 18–19 cm; see thin section descriptions
in “Core descriptions” and Table T1 in the “Geo-
chemistry summary” chapter [Gillis, et al., 2014c]).
Troctolite has low TiO2 (<0.1 wt%); Sc (<13 ppm);
and V, Y, and Zr (<20 ppm) compared to Hole U1415J
gabbro (Fig. F103; see Table T1 in the “Geochemistry
summary” chapter [Gillis, et al., 2014c]). These low
concentrations, together with their refractory com-
position, suggest that the troctolite probably precipi-
tated from less evolved melts than the neighboring
gabbro.

Chromitite (Sample 345-U1415J-18R-1, 67–72 cm) is
distinguished by its enrichment in Fe2O3 (30.5 wt%)
and MgO (22.8 wt%) and depletion in SiO2 (31 wt%)
and TiO2 (0.02 wt%) compared to other rock sam-
pled in the troctolitic intervals in Hole U1415J.
These compositions are consistent with its modal
composition (60% olivine and 40% oxide). This sam-
ple was interpreted as a chromitite whose composi-
tion was modified during late hydrothermal altera-
tion (see “Igneous petrology” and “Metamorphic
petrology”). Chemical data indicate that the oxides
present in the sample are Fe rich and Ti poor, proba-
bly magnetite. The sample’s trace element composi-
tion is similar to that of Hole U1415J troctolite, in-
cluding its Cr content (640 ppm).

Drill cuttings
Two samples of sandy material were selected from
ghost Core 345-U1415J-2G in Unit I (see “Metamor-
phic petrology”). The samples comprise abundant
altered rock material and have high LOI (2.7–3.3
wt%) and H2O (3.4–3.9 wt%) and CO2 (0.07–0.14
wt%) contents, even when compared to the altered
drilling-induced disaggregated gabbro sampled in
Hole U1415I. The samples of drill cuttings have
lower Mg# (76), lower Ni (150 ppm) content, and
higher TiO2 (0.6–0.7 wt%) and incompatible trace el-
ement (e.g., Y = ~12–13 ppm) contents compared to
plutonic rock sampled in Hole U1415J, which sug-
gests that they comprise more evolved gabbroic ma-
terial. Compared to all of the plutonic rock sampled
at Site U1415, these drill cuttings are characterized
by enrichment in Na2O (2.6–3 wt%) and Ba (70–100
ppm), indicative of the presence of higher fractions
of altered minerals (Na-rich albitized plagioclase and
chlorite) and, probably, contamination by the Ba-
and clay-rich drilling muds mixed with seawater
used during coring operations. Therefore, these re-
sults should be treated with caution for petrogenetic
interpretations.
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Physical properties
Physical properties of the gabbroic rock recovered in
Hole U1415J were characterized through a series of
measurements on whole-core sections, half-core sec-
tions, half-core pieces, and discrete samples as de-
scribed in “Physical properties” in the “Methods”
chapter (Gillis et al., 2014e). We measured gamma
ray attenuation (GRA) density and magnetic suscep-
tibility on the Whole-Round Multisensor Logger
(WRMSL); natural gamma radiation (NGR) on the
Natural Gamma Ray Logger (NGRL); point magnetic
susceptibility, reflectance spectroscopy, and colorim-
etry on the SHMSL; and thermal conductivity, P-
wave velocity (VP), density, and porosity on discrete
samples. Rock names reported in data tables corre-
spond to the primary lithologies assigned by the ig-
neous group (Tables T12, T13). Data are summarized
as a function of depth in Figure F104; data from
ghost cores (i.e., WRMSL, SHMSL, and only one dis-
crete sample from Core 345-U1415J-7G) are not
shown in this figure.

Raw GRA density, magnetic susceptibility, reflec-
tance spectrometry, and colorimetry data were up-
loaded to the Laboratory Information Management
System database and subsequently filtered following
the procedures described in “Physical properties” in
the “Methods” chapter (Gillis et al., 2014e) to re-
move spurious points that correspond to empty in-
tervals in the liner, broken pieces, and pieces that
were too small. Both raw and filtered data are pro-
vided in PHYSPROP in “Supplementary material.”

Multisensor core logger data
Natural gamma radiation
In Hole U1415J, 16 of the 30 core sections were mea-
sured on the NGRL; other sections contained pieces
too small to provide reliable data with this instru-
ment. NGR is, overall, very low (0–1.53 cps), which
is significantly lower than background level (~5 cps).
NGR values in ghost cores are in the same range as
those in routine RCB cores.

Gamma ray attenuation density
In Hole U1415J, 18 of the 30 core sections were mea-
sured in the WRMSL. GRA density measurements are
volume dependent, and filtered GRA data range be-
tween 1.27 and 2.85 g/cm3, with an average of 2.35
g/cm3 (85% of the values are <2.5 g/cm3 and are not
shown in Fig. F104). These values are generally sig-
nificantly lower than bulk density measured on dis-
crete samples in the same cores.
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Magnetic susceptibility
Magnetic susceptibility was measured on both the
WRMSL (16 core sections) and SHMSL (26 core sec-
tions). The whole-round core measurements are vol-
ume measurements that give an average apparent
susceptibility value over an 8 cm long interval,
whereas SHMSL values are given by point measure-
ments (see “Physical properties” in the “Methods”
chapter [Gillis et al., 2014e]). When measured on
whole-round cores, magnetic susceptibility is gener-
ally underestimated, with values significantly lower
than point magnetic susceptibility (Fig. F104). The
mean magnetic susceptibility of rock recovered in
Hole U1415J is very low (~750 × 10–5 ± 1450 × 10–5 SI
for point magnetic susceptibility), reflecting the ab-
sence of magmatic Fe-Ti oxides. The only exceptions
to this are two intervals (345-U1415J-18R-1, 67–71
cm, and 21R-1, 4–16 cm) that contain Fe oxide–rich
material (presumably altered chromitite; see “Igne-
ous petrology”), in which WRMSL magnetic suscep-
tibility has been corrected (see Fig. F20 in the “Meth-
ods” chapter [Gillis et al., 2014e]) and is as high as
~14,400 × 10–5 SI in Section 345-U1415J-18R-1 (Piece
9) and ~25,000 × 10–5 SI in Section 21R-1 (Piece 2).

Reflectance spectroscopy and colorimetry
Reflectance spectroscopy and colorimetry data were
systematically acquired, together with point mag-
netic susceptibility data, using the SHMSL with a
measurement interval of 1 cm. As described in
“Physical properties” in the “Hole U1415I” chapter
(Gillis et al., 2014d), absolute values of chromaticity
parameters a* and b* are not reliable. The mean
value of the lightness (L*) is ~43 ± 8.

Discrete sample measurements

Moisture and density
Bulk density, grain density, and porosity were calcu-
lated from measurements on 25 cubic samples (2 cm
× 2 cm × 2 cm) taken from the working-half sections
(Table T12; Fig. F104). These samples comprise four
rock types: gabbronorite, gabbro, olivine gabbro, and
troctolite. Average bulk density and grain density are
2.83 ± 0.08 and 2.86 ± 0.07 g/cm3, respectively, and
are similar to the densities measured at Hess Deep
(Site 894) (Fig. F105). Olivine-rich lithologies (oliv-
ine gabbro and troctolite) have average grain densi-
ties (2.92 ± 0.04 g/cm3) that are ~0.1 g/cm3 lower
than gabbro and gabbronorite (2.81 ± 0.06 g/cm3).
This difference reflects the average differences in
background alteration for these lithologies, which is
primarily related to olivine contents because olivine
is generally more strongly altered than plagioclase
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and clinopyroxene (Fig. F106; see also “Metamor-
phic petrology”). Porosity is generally low, ranging
from 1.7% to 4.1%, and generally increases down-
hole (Fig. F104).

P-wave velocity
The same 25 cubic samples used for moisture and
density analyses were measured for VP along the
three principal directions (x, y, and z) in the core ref-
erence frame (see Fig. F2 in the “Methods” chapter
[Gillis et al., 2014e]). Results are listed in Table T12
and plotted in Figures F104 and F105. Average VP is
6.12 ± 0.38 km/s, and the apparent anisotropy varies
from 0.8% to 5.5%. As detailed in “P-wave velocity”
in the “Hole U1415I” chapter (Gillis et al., 2014d)
the precision of our VP measurements is ~2%. Hence,
the relatively low measured apparent anisotropies
should be treated with caution.

Results for all samples from Site U1415 measured so
far (Holes U1415I and U1415J) are compared in Fig.
F105, with VP and grain density measurements made
during previous ODP legs and IODP expeditions on
gabbroic samples from fast-spreading and slow-
spreading oceanic crust. VP values are consistent
with measurements made at Hess Deep (Site 894). VP

measurements made on board over time show a
large dispersion, which probably cannot be solely ex-
plained by petrophysical variations (note that, for
example, the ~1 to 1.5 km/s difference in velocity be-
tween Hole 735B data and data from other slow-
spreading crust locations even though they have
similar composition, porosity, and alteration). These
data should therefore be treated with caution.

As expected, measured VP at room pressure depends
primarily on porosity (Fig. F107). Because we
avoided taking discrete samples with metamorphic
or alteration veins, the progressive increase of poros-
ity downhole (Fig. F104) primarily reflects increasing
fracturing in the sample groundmass, as is also sug-
gested by the general correlation between VP/poros-
ity and the macroscopically estimated intensity of
cataclastic deformation (Fig. F108).

Thermal conductivity
Thermal conductivity was measured in 11 gabbroic
rock samples (≥8 cm long and representative of the
various recovered lithologies) taken at irregularly
spaced intervals in Hole U1415J (Table T13; Fig.
F104). Measured values range from 2.1 to 4.1
W/(m·K) and are averages of 6–20 measurements for
each piece, with a standard deviation <2.8% (average
= 0.9%). The relatively high thermal conductivity
values measured in two troctolite samples from the
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bottom of the hole (3.4 and 4.1 W/[m·K]) might be
explained by the presence of relatively abundant
magnetite (~5.3 W/[m·K]) in altered olivine.

We attempted to measure anisotropy in a foliated ol-
ivine-bearing gabbronorite and a foliated troctolite
(Sections 345-U1415J-5R-2A [Piece 2] and 18R-1A
[Piece 14]) by using the shorter probe (see “Physical
properties” in the “Methods” chapter (Gillis et al.,
2014e), collecting two series of measurements with
the probe needle aligned parallel and perpendicular
to the foliation. The apparent anisotropies are 3.6%
in the olivine-bearing gabbronorite and 0.1% in the
troctolite. These values are lower than or close to the
measurement standard deviations (Table T13) and
are probably not meaningful. The small probe tends
to return less stable values than the large probe,
which makes the exercise of estimating the anisot-
ropy of thermal conductivity difficult in this type of
lithology.
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K.M. Gillis et al. Hole U1415J
Figure F1. Reentry hardware deployed in Hole U1415J with driller’s interpretation of subseafloor conditions.
FFF = free-fall funnel, CSG = casing, TC = total depth.
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K.M. Gillis et al. Hole U1415J
Figure F2. A. Core recovery and principal lithologies, Hole U1415J. B–H. Proportions of recovered rock types.
Ol = olivine.
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K.M. Gillis et al. Hole U1415J
Figure F4. Equigranular granular textures in gabbro, Unit I (Thin Section 63; Sample 345-U1415J-3R-1, 79–85.5
cm [Piece 16]; Interval 11). A. Core close-up. B. Plane-polarized light. Cpx = clinopyroxene, Pl = plagioclase.
C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F5. Equigranular granular texture and strong foliation defined by both plagioclase (Pl) and clinopy-
roxene (Cpx) in olivine (Ol)-bearing gabbro, Unit I (Sample 345-U1415J-3R-1, 22–24 cm [Piece 6]; Interval 6).
Note the presence of twinning in clinopyroxene. A. Core close-up. B. Plane-polarized light. C. Under crossed
polars.
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K.M. Gillis et al. Hole U1415J
Figure F6. Equigranular granular to poikilitic texture in olivine (Ol) gabbro, Unit I (Thin Section 31; Sample
345-U1415J-3R-1, 45–48 cm [Piece 10]; Interval 10). A. Core close-up. B. Plane-polarized light. Cpx = clinopy-
roxene, Pl = plagioclase. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F7. Equigranular granular texture in olivine (Ol) gabbro, Unit III (Thin Section 63; Sample 345-U1415J-
12R-1, 95–104 cm [Piece 13]; Interval 13). A. Core close-up. B. Plane-polarized light. Cpx = clinopyroxene, Pl
= plagioclase. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F8. A. Boundary between olivine (Ol) gabbro (Interval 59) and troctolite (Interval 58), Unit II (Sample
345-U1415J-10R-1, 39–55 cm [Piece 6B]). B, C. Large poikilitic clinopyroxene (Cpx) that is larger than the width
of the thin section and optically continuous throughout, forming the interstitial clinopyroxene in the troc-
tolite of Interval 58 (dashed pink line marks the boundary of this oikocryst). Dashed red line in C marks the
boundary between lithologies (Thin Section 58). B is under plane-polarized light and C is under crossed polars.
(Ol) = altered olivine, Pl = plagioclase. See also Figure F10.
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K.M. Gillis et al. Hole U1415J
Figure F9. Olivine-bearing gabbronorite, Unit II (Sample 345-U1415J-5R-2, 41–65 cm [Piece 3]; Interval 32).
A. Dry image. B. Wet image.
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K.M. Gillis et al. Hole U1415J
Figure F10. Clinopyroxene oikocryst-bearing troctolite, Unit II (Sample 345-U1415J-8R-3, 79–91 cm [Piece 9];
Interval 49). Note the strong grain size contrast between the oikocrysts and the surrounding troctolitic matrix.
A. Dry image. B. Wet image.

A B

2 cm
Proc. IODP | Volume 345 43



K.M. Gillis et al. Hole U1415J
Figure F11. Clinopyroxene (Cpx) oikocryst-bearing troctolite. The strongly foliated troctolite shows a single
large clinopyroxene oikocryst with abundant randomly orientated subhedral to resorbed deformed to unde-
formed plagioclase (Pl) chadacrysts (Thin Section 53; Sample 345-U1415J-8R-3, 23–29 cm [Piece 5]; Interval 47).
A. Core close-up. B. Plane-polarized light. Ol = olivine. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F12. Oikocryst gabbro, Unit II (Sample 345-U1415J-8R-1, 89–107 cm [Piece 14]; Interval 36). A. Dry
image. B. Wet image.
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K.M. Gillis et al. Hole U1415J
Figure F13. Troctolite, Unit III (Thin Section 66; Sample 345-U1415J-13R-1, 45–52 cm [Piece 6]; Interval 66).
A. Core close-up. B. Plane-polarized light. Ol = olivine, Pl = plagioclase. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F14. Basaltic intervals recovered from cored intervals. A. Intervals 2–4 showing (1) aphyric basalt,
(2) doleritic gabbro, and (3) olivine-bearing dolerite (Sample 345-U1415J-3R-1, 7–10 cm [Piece 3]). B. Aphyric
basalt (Sample 345-U1415J-9R-1, 97–100 cm [Piece 14]; Interval 56). C. Moderately olivine-phyric basalt
(Sample 345-U1415J-18R-1, 26–29 cm [Piece 4]; Interval 68).
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K.M. Gillis et al. Hole U1415J
Figure F15. Basaltic intervals recovered from ghost cores (photomicrographs under crossed polars). A. Aphyric
basalt (Thin Section 25; Sample 345-U1415J-2G-1, 0–4 cm [Piece 1]; Interval G1). B. Dolerite (Thin Section 26;
Sample 345-U1415J-2G-1, 4–8 cm [Piece 1]; Interval G2). C. Aphyric basalt with euhedral olivine phenocrysts
(Sample 345-U1415J-17G-1, 8–12 cm [Piece 2]; Interval G56). D. Moderately olivine-phyric basalt (Sample 345-
U1415J-24G-1, 0–6 cm [Piece 1]; Interval G59).
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K.M. Gillis et al. Hole U1415J
Figure F16. Typical pieces of rock recovered from Hole U1415J showing characteristic textural and modal dif-
ferences between Unit II and III lithologies. A–C. Modal and grain size layering in Unit II (Oikocryst-Bearing
Layered Gabbro Series) is parallel to foliation. D, E. In contrast, layering is very rare in Unit III (Troctolite
Series), but foliation is still common although weaker compared to Unit II. Core image in E shows one of the
rare examples of modal and grain size variation observed in the lower part of Unit III. Note the change of foli-
ation dip between the different units (subvertical for the troctolites of Unit III). (A) Troctolite (Sample 345-
U1415J-5R-2, 0–21.5 cm [Piece 1]; Interval 29; wet image). (B) Olivine-bearing gabbro (Sample 345-U1415J-8R-
3, 30–42 cm [Piece 6]; Interval 48; wet image). (C) Clinopyroxene oikocryst-bearing troctolite. Note the centi-
meter-sized clinopyroxene oikocrysts wrapped by much finer grained, strongly foliated troctolitic matrix
(Sample 345-U1415J-8R-3, 76–91 cm [Piece 9]; Interval 49; dry image). (D) Troctolite (Sample 345-U1415J-18R-
1, 96–106 cm [Piece 14]; Interval 71; dry image). (E) Troctolite with modal boundary (Sample 345-U1415J-18R-
1, 128–130 cm [Piece 17A]; Interval 72; dry image).
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K.M. Gillis et al. Hole U1415J
Figure F18. Boundary between olivine (Ol)- and orthopyroxene (Opx)-bearing gabbro and troctolite (red
dashed line) (Thin Section 38; Sample 345-U1415J-5R-1, 129–143 cm [Piece 18]). Cpx = clinopyroxene, Pl = pla-
gioclase. Boundary type = grain size and modal and boundary definition = sutured. A. Core close-up. B. Plane-
polarized light. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F19. Boundary between gabbronorite and clinopyroxene (Cpx) oikocryst-bearing troctolite (red dashed
lines) (Thin Section 40; Sample 345-U1415J-7G-1, 26–34 cm [Piece 5]). Boundary type = grain size and modal;
boundary definition = sutured. A. Core close-up. B. Plane-polarized light. Ol = olivine, Opx = orthopyroxene,
Pl = plagioclase. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F20. Boundary between oikocryst-bearing troctolite and troctolite (red dashed lines) (Thin Section 42;
Sample 345-U1415J-7G-1, 91–94 cm [Piece 14]). Boundary type = grain size and modal; boundary definition =
sutured. A. Core close-up. B. Plane-polarized light. Ol = olivine, Cpx = clinopyroxene, Pl = plagioclase. C. Under
crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F21. Boundary between olivine (Ol) gabbro and olivine-bearing gabbro (red dashed lines) (Thin Section
52; Sample 345-U1415J-8R-2, 105–122 cm [Piece 9]). Boundary type = grain size and modal; boundary defi-
nition = sutured. A. Core close-up. B. Plane-polarized light. Cpx = clinopyroxene, Pl = plagioclase. C. Under
crossed polars. 
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K.M. Gillis et al. Hole U1415J
Figure F22. Boundary between gabbro and olivine (Ol) gabbro (red dashed lines) (Thin Section 54; Sample 345-
U1415J-8R-3, 31–41 cm [Piece 6]). Boundary type = grain size and modal; boundary definition = sutured.
A. Core close-up. B. Plane-polarized light. Cpx = clinopyroxene, Pl = plagioclase. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F23. Boundary between troctolite and olivine (Ol) gabbro (red dashed lines) (Thin Section 58; Sample
345-U1415J-10R-1, 39–55 cm [Piece 6B]). Boundary type = grain size and modal; boundary definition = grada-
tional. A. Core close-up. B. Plane-polarized light. (Ol) = altered olivine, Cpx = clinopyroxene, Pl = plagioclase.
C. Under crossed polars.

1 cm

(Ol)

Cpx

Troctolite
Ol gabbro

Ol

Cpx

1 cm

Pl

Pl

A B

C

2 cm

Interva
l 58

           Interval 5
9

Troctolite

Ol gabbro
Proc. IODP | Volume 345 56



K.M. Gillis et al. Hole U1415J
Figure F24. Boundary between olivine (Ol)-rich troctolite and troctolite (red dashed lines) (Thin Section 72;
Sample 345-U1415J-18R-1, 141–146 cm [Piece 17B]). Boundary type = grain size and modal; boundary defi-
nition = sutured. A. Close-up image. B. Plane-polarized light. Ol-rich troctolite = olivine-rich gabbro, (Ol) = al-
tered olivine, Pl = plagioclase. C. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F25. Boundary between olivine (Ol)-bearing gabbro and gabbro (red dashed lines) (Thin Section 85;
Sample 345-U1415J-25G-1, 30–38 cm [Piece 5]). Boundary type = modal; boundary definition = sutured.
A. Close-up image. B. Plane-polarized light. Pl = plagioclase, Cpx = clinopyroxene. C. Under crossed polars.
D. Clinopyroxenes with interfingering texture. Opx = orthopyroxene.
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K.M. Gillis et al. Hole U1415J
Figure F26. Clinopyroxene oikocryst-bearing troctolite, Unit II. A. Sample 345-U1415J-8R-3A, 79–91 cm (Piece
9); Interval 49. B. Sketch of core section. Note the tails of clinopyroxene oikocrysts. C. Thin section image
(length of section = 3.2 cm) (Thin Section 55; Sample 345-U1415J-8R-3, 83–86 cm [Piece 9]; under crossed
polars). Note that interstitial clinopyroxene crystals (red arrows) share the same extinction angles with a large
clinopyroxene oikocryst.
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K.M. Gillis et al. Hole U1415J
Figure F27. Clinopyroxene (Cpx) oikocryst-bearing troctolite, Unit II (Thin Section 53; Sample 345-U1415J-8R-
3, 26–29 cm [Piece 5]; Interval 47; under crossed polars). A. Thin section image (length of section = 3.1 cm).
B. A film of clinopyroxene occurs between olivine (Ol) and plagioclase (Pl) grains in the troctolitic matrix.
C. Boundary between a clinopyroxene oikocryst and the troctolitic matrix. Some plagioclase crystals that are
partly included in the oikocryst develop their facet.
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K.M. Gillis et al. Hole U1415J
Figure F28. Plagioclase (Pl) chadacrysts included in clinopyroxene (Cpx) oikocrysts in clinopyroxene oikocryst-
bearing troctolite, Unit II (under crossed polars). Red arrows = deformation twins. A, B. Thin Section 53; Sample
345-U1415J-8R-3, 26–29 cm; Interval 47. C, D. Thin Section 55; Sample 345-U1415J-8R-3, 83–86 cm; Interval
49.
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K.M. Gillis et al. Hole U1415J
Figure F29. Skeletal olivine (Ol) morphology (under crossed polars). See text for details. Cpx = clinopyroxene,
Pl = plagioclase. A. Thin Section 21; Sample 345-U1415J-4R-1, 35–38 cm (Piece 6). B. Thin Section 31; Sample
345-U1415J-3R-1, 45–48 cm (Piece 10). C. Thin Section 32; Sample 345-U1415J-3R-1, 73–75 cm (Piece 14).
D. Thin Section 36; Sample 345-U1415J-5R-1, 62–64 cm (Piece 12). E. Thin Section 58; Sample 345-U1415J-
10R-1, 53–55 cm (Piece 6B). F. Thin Section 85; Sample 345-U1415J-25G-1, 32–35 cm (Piece 5).
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K.M. Gillis et al. Hole U1415J
Figure F30. Skeletal olivine (Ol) (Sample 345-U1415J-11R-1, 23–28 cm [Piece 4]). A. Core close-up. Red dashed
lines define the skeletal growth of olivine branches. B. Dendritic or star burst growth of olivine (Thin Section
59; under crossed polars). See text for details. Cpx = clinopyroxene, Pl = plagioclase.
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K.M. Gillis et al. Hole U1415J
Figure F31. Chromitite (Thin Section 71; Sample 345-U1415J-18R-1, 67–73 cm [Piece 9]). A. Core close-up.
“Chr” = altered chromitite, Tro = troctolite. B. Plane-polarized light. C. Under crossed polars. D. Chromite pseu-
domorph with globular inclusions. Mgt = magnetite.
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K.M. Gillis et al. Hole U1415J
Figure F32. Chromitite (Thin Section 75; Sample 345-U1415J-21R-1, 4–12 cm [Piece 2]). A. Core close-up.
B. Plane-polarized light. C. Under crossed polars. D. Typical appearance of ferrite chromites (Ferr chr), which
are tabular in shape. Chl = chlorite. E. Assembly of tabular-shaped ferrite chromites.
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K.M. Gillis et al. Hole U1415J
Figure F33. Chromitite (Thin Section 76; Sample 345-U1415J-21R-1, 12–16 cm [Piece 3]). A. Core close-up.
B. Plane-polarized light. C. Under crossed polars. D. Chromite (Chr) with magnetite (Mgt) aureole.
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K.M. Gillis et al. Hole U1415J
Figure F34. Downhole variation in alteration intensity of igneous minerals, Unit I. Cpx = clinopyroxene, Ol =
olivine.
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K.M. Gillis et al.L Hole U1415J
Figure F35. Downhole variation in alteration intensity of igneous minerals, Unit II. Cpx = clinopyroxene, Ol = olivine.
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K.M. Gillis et al.L Hole U1415J
Figure F36. A. Downhole variation in alteration intensity of igneous minerals, Unit III. Cpx = clinopyroxene, Ol = olivine. (Continued on next page.)
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K.M. Gillis et al.L Hole U1415J
Figure F36 (continued). B. Downhole variation in alteration intensity of igneous minerals, Unit III. Cpx = clinopyroxene, Ol = olivine.
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K.M. Gillis et al. Hole U1415J
Figure F37. Typical alteration assemblage texture in Unit II showing serpentine (Srp) veins in olivine (Ol) and
cracks in plagioclase (Pl) that tend to be subparallel with magmatic foliation in clinopyroxene oikocryst-
bearing troctolite. Clay minerals are abundant near densely fractured plagioclase (Thin Section 37; Sample 345-
U1415J-5R-1, 117–120 cm [Piece 17B]). A. Plane-polarized light. B. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F38. Typical coronitic alteration of olivine, Unit II. A, B. Grain edge rimmed by a typical corona, with
a rim of cryptocrystalline chlorite (Chl), tremolite (Tr), and talc (Tc) that has formed between plagioclase (Pl)
and relict olivine (Ol) in clinopyroxene-bearing olivine gabbro (Thin Section 41; Sample 345-U1415J-7G-1, 35–
38 cm [Piece 6]). C, D. Olivine with well-developed coronae, surrounded by plagioclase. Note the lack of radial
fractures (Thin Section 40; Sample 345-U1415J-7G-1, 28–31 cm [Piece 5]). E, F. Clinopyroxene oikocryst-
bearing troctolite/gabbronorite in which pseudomorphic replacement of olivine by tremolite and chlorite ±
talc (Tc) is concentrated around a chlorite vein that cuts magmatic foliation with a high intersection angle.
Amp = amphibole. A, C, and E are under plane-polarized light; B, D, and F are under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F39. Variation in the percentage of olivine alteration and corona development observed in thin sections,
Hole U1415J. Unit III olivine is somewhat more altered and has slightly more corona development than in
Units I and II (see also Fig. F37).
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K.M. Gillis et al. Hole U1415J
Figure F40. Strongly altered olivine (Ol) gabbro in which green spinel (Spl) completely surrounded by chlorite
(Chl) forms a corona texture with pale green amphibole (Am). Clinozoisite (Czo) and prehnite (Prh) pseudo-
morphically replace plagioclase (Thin Section 67; Sample 345-U1415J-13R-1, 53–56 cm [Piece 7]). A. Plane-po-
larized light. B. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F41. Olivine-bearing gabbro in which clinopyroxene (Cpx) is partially replaced by amphibole (Am) at
rims or along cleavage surfaces. Amphibole is colorless to green and bluish green, suggesting variation in
chemical composition. Plagioclase (Pl) is partially replaced by chlorite (Chl) (Thin Section 56; Sample 345-
U1415J-8R-3, 112–115 cm [Piece 12]). A. Plane-polarized light. B. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F42. Brown amphibole (Am) intergrown with green amphibole replacing clinopyroxene in olivine
gabbro (Thin Section 82; Sample 345-U1415J-23R-1, 39–42 cm [Piece 7]). Pl = plagioclase, Pr = prehnite.
A. Plane-polarized light. B. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F43. Gabbro in which orthopyroxene (Opx) is replaced by colorless and pale green amphibole (Am)
along fractures and cleavage surfaces. Olivine (Ol) is completely replaced by tremolite, talc, serpentine, and clay
minerals. Coronitic chlorite (Chl) formed between olivine and plagioclase (Pl) is common but is lacking at the
contact with orthopyroxene (Thin Section 29; Sample 345-U1415J-3R-1, 11–13 cm [Piece 4]). A. Plane-polarized
light. B. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F44. Completely altered chromitite (Thin Section 75; Sample 345-U1415J-21R-1, 9–11 cm [Piece 4]).
A, B. Chromitite with abundant chlorite (Chl) and magnetite (possibly after chromite). White boxes show lo-
cations of C and D. C, D. Amphibole (Am) and chlorite with unusual bluish green color in magnetite (Mag)
and chlorite-rich rock, which seem to be originally chromitite or chromite-rich troctolite. A and D are under
crossed polars; B and C are under plane-polarized light. 
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K.M. Gillis et al. Hole U1415J
Figure F45. Typical plagioclase (Pl) alteration (under crossed polars). A. Simple chlorite (Chl) veins cutting pla-
gioclase adjacent to olivine in gabbro. Chlorite forms a rim around relict olivine that is replaced by clay min-
erals ± talc and amphibole (Am) (Thin Section 29; Sample 345-U1415J-3R-1, 11–13 cm [Piece 4]). B. Diffuse am-
phibole and chlorite replacement veins in plagioclase. Note high-temperature (hypersolidus) annealed texture
of plagioclase in clinopyroxene (Cpx) oikocryst-bearing gabbro (Thin Section 42; Sample 345-U1415J-7G-1, 91–
94 cm [Piece 14]). C, D. Thin Section 39 (Sample 345-U1415J-5R-2, 60–63 cm [Piece 3]). (C) Irregular patch of
chlorite + amphibole after plagioclase at grain boundary. Carbonate (likely calcite [Cal]) is present as a sec-
ondary phase, as well as small prehnite (Prh) veins in olivine-bearing gabbro. (D) Fluid inclusion (Fi) trails
within plagioclase radiate from a chlorite-carbonate patch and presumably represent healed cracks following
fracturing in olivine-bearing gabbro.
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K.M. Gillis et al. Hole U1415J
Figure F46. An example of relatively uncommon plagioclase alteration in troctolite (Thin Section 72; Sample
345-U1415J-18R-1, 141–143 cm [Piece 17B]). A, B. Replacement of plagioclase by prehnite (Prh), chlorite (Chl),
and very fine grained garnet (Grt). Clinopyroxene (Cpx) rim around plagioclase is partially replaced by chlorite.
White box in B shows area of enlargement in C. Srp = serpentine, Ol = olivine. C. Plagioclase replacement by
prehnite and chlorite showing seams of garnet. Chlorite replaces thin clinopyroxene rims. A is under plane-
polarized light; B and C are under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F47. Relatively fresh plagioclase (Pl) with fine-grained prehnite (Prh)- and chlorite (Chl)-filled micro-
cracks in gabbro cut by a perpendicular prehnite and chlorite vein (Thin Section 62; Sample 345-U1415J-12R-
1, 86–89 cm [Piece 12]; cross-polarized light). Coarse-grained prehnite veins with chlorite in the center appear
to originate in the cataclastic zone.
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K.M. Gillis et al. Hole U1415J
Figure F48. Relative abundance of different vein types in the surficial rubble Unit I, Oikocryst-Bearing Layered
Gabbro Series Unit II, and Troctolite Series Unit III, Hole U1415J.
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K.M. Gillis et al. Hole U1415J
Figure F49. Typical veins. A. Prehnite vein with halo in a subcataclastic piece in oikocryst gabbro (interval 345-
U1415J-5R-1, 50–59 cm). B. Deformed prehnite vein showing boudinage and a network of thin chlorite veins
in a cataclastic piece of olivine gabbro (interval 345-U1415J-21R-1, 113–124 cm). C. Deformed amphibole vein
in olivine gabbro (interval 345-U1415J-13R-1, 50.5–56 cm). D. Cataclastic gabbro from the ghost section con-
taining clinozoisite, epidote, and prehnite veins (interval 345-U1415J-14G-1, 0–7 cm [Piece 1]).
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K.M. Gillis et al. Hole U1415J
Figure F50. Main vein types. A. Chlorite (Chl) vein with cross-fiber texture in clinopyroxene (Cpx) oikocryst-
bearing troctolite (Thin Section 46; Sample 345-U1415J-8R-1, 34–37 cm [Piece 7]). B. Granular prehnite (Pr)
vein with minimal reaction along the vein boundaries in olivine-bearing gabbro (Thin Section 48; Sample 345-
U1415J-9R-1, 46–49 cm [Piece 7]). C, D. Zeolite (Zeo) vein cutting prehnite veins in olivine gabbro (Thin
Section 54; Sample 345-U1415J-8R-3, 35–38 cm [Piece 6]). E, F. Zoned chlorite vein cored by carbonate (Car)
that is cut by prehnite crystals that form radiating “bloom-like” structures in gabbro (Thin Section 34; Sample
345-U1415J-4R-1, 2–5 cm [Piece 1]). Pl = plagioclase. A, B, D, and F are under cross-polarized light; C and E are
under plane-polarized light.
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K.M. Gillis et al. Hole U1415J
Figure F51. Typical vein morphologies. A, B. Several parallel zeolite veins cutting prehnite veins in gabbro
(Thin Section 34; Sample 345-U1415J-4R-1, 2–5 cm [Piece 1]). C, D. Prehnite and zeolite veins on the margin
of a cataclastic zone hosted in gabbro (Thin Section 35; Sample 345-U1415J-5R-1, 55–58 cm [Piece 11B]).
E, F. Relationships between clinozoisite, prehnite, and chlorite veins in completely altered cataclastic gabbro
(Thin Section 68; Sample 345-U1415J-14G-1, 0–4 cm [Piece 1]). G, H. Relationships between prehnite, epidote,
and clinozoisite veins in cataclasite (Thin Section 81; Sample 345-U1415J-23R-1, 10–12 cm [Piece 3]). A, C, E,
and G are under plane-polarized light; B, D, F, and H are under crossed polars. 
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K.M. Gillis et al. Hole U1415J
Figure F52. Cataclasite (under crossed polars). A. Cataclastic gabbro with two domains (Thin Section 64;
Sample 345-U1415J-12R-1, 115–117 cm [Piece 15]). Domain 1 (D1) is cataclasite with abundant prehnite clasts,
some relatively coarse grained, and Domain 2 (D2) is a chlorite (Chl)-rich shear zone, chlorite after olivine, and
extensively prehnitized plagioclase (Pl). Detail for S1 is given in B; for S2, see Figure F59. B. Cataclastic sample
with chlorite rim developing between serpentine after olivine (Se) and prehnitized plagioclase. Few relics of pla-
gioclase remain. C. Chlorite replacing olivine or phases after olivine in cataclasite with basaltic dike rock
fragment (Thin Section 74; Sample 345-U1415J-19R-1, 64–67 cm [Piece 10]). D. Chlorite replacing plagioclase
and pyroxene. Pyroxene is also partially replaced by amphibole (Am). Cpx = clinopyroxene, SPl = secondary
plagioclase.
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K.M. Gillis et al. Hole U1415J
Figure F53. Cataclasite (under crossed polars unless otherwise noted). A, B. Cataclasite matrix composed pri-
marily of prehnite (Pr) with chlorite (Chl), clinozoisite (Czo)/epidote (Ep), and dolerite dike rock (Thin Section
81; Sample 345-U1415J-23R-1, 10–12 cm [Piece 3]). A is under plane-polarized light. C. Cataclasite in which
prehnite, epidote, and chlorite appear metastable (lacking embayment or ragged grain edges) within cataclasite
matrix (also Thin Section 81). D. Chlorite intergrown with amphibole (amp) with possible former corona tex-
tures in a cataclasite zone in gabbro (Thin Section 61; Sample 345-U1415J-12R-1, 11–13 cm [Piece 3]). Tr = trem-
olite, Cpx = clinopyroxene, CC = cataclasite clast. 
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K.M. Gillis et al. Hole U1415J
Figure F54. Polydeformed cataclasite (Thin Section 60; Sample 345-U1415J-11R-1, 44–47 cm [Piece 7]). A. Cata-
clastic zones were tentatively assigned relative ages based on crosscutting relationships, with low numbers (e.g.,
C1) being older. Fragments and shards of clinopyroxene, corona textures of amphibole and chlorite (A+C), and
angular and ovoid clasts of polycrystalline prehnite (Pr) suggest that the protolith was olivine-bearing gabbro
cut by relatively coarse grained prehnite veins. These clasts occur in a relatively fine grained matrix of prehnite
that is locally vuggy (pv; red arrows). Boundaries of truncating bands of cataclasite (red dashed lines) suggest
that as many as five generations of microbreccia occur in this rock (see text). C1–C5 = overprinting generations
of cataclasite B. Large clast of a sixth generation of cataclasite (C3A). A prehnite vein clast (PVC) is identified,
along with several of the many clasts of prehnite cataclasite with textures similar to band C2. C. Polydeformed
cataclasite shown in A. The width of band C3 is identified by the dashed black line. A is under crossed polars;
B and C is under plane-polarized light.
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K.M. Gillis et al. Hole U1415J
Figure F55. A small fracture in gabbro with incipient cataclasis (Thin Section 33; Sample 345-U1415J-3R-1, 74–
82 cm [Piece 10]; under crossed polars). Left lateral slip of ~100 µm has displaced plagioclase (Pl; white arrows).
This displacement produced an extensional site in which prehnite (Pr; orange) and both randomly oriented
and fibrous chlorite (Chl) have precipitated. Cal = calcite, Cpx = clinopyroxene.
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K.M. Gillis et al. Hole U1415J
Figure F56. Cataclastic zone in gabbro (between arrows labeled CC [cataclasite]) truncating all earlier structures
(Thin Section 29; Sample 345-U1415J-3R-1, 11–13 cm [Piece 4]; under crossed polars). The zone contains
broken angular fragments of plagioclase (Pl; pale gray) and clinopyroxene (Cpx; yellow) that apparently do not
react with the fine-grained chlorite (Chl) cement. Other fractures break and locally displace grains above and
below this zone of microbreccia. Northeast-trending bands of fibrous chlorite (F Chl) crosscut intergrowths of
amphibole and chlorite (Am + Chl) that probably replaced magmatic olivine. Also present is amphibole that
may have replaced ophitic clinopyroxene at a much higher temperature than the other alterations shown.

CC

F 
Chl

CC

Am

Cpx

Am + Chl

Pl

Pl

pl

Cpx

Cpx

Am + Chl

1 mm
Proc. IODP | Volume 345 90



K
.M

. G
illis et al.

H
o

le U
1415J

Proc. IO
D

P | V
olum

e 345
91

15J-21R-1, 103–107 cm [Piece 14]). Fractured plagio-
rtion of the image and are set in a cataclastic matrix
sts in a cataclastic matrix (CC2) of prehnite and local
ear the edges of the image chlorite is in random ori-
w strong east-northeast preferred orientation (white
f epidote (Ep). The phyllonitic band (Ph) of chlorite

rized light. B. Under crossed polars.

Pr

C-F

Ph
Pr

CC2

CC1
Chl-R

Pl

Pr
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 [Piece 4]). Plagioclase (Pl) grains become increasingly frac-
ws the fragments of plagioclase in the cataclasite are highly

ese grains has replaced a substantial amount of plagioclase.
sed polars. B. Plane-polarized light. 
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Thin Section 77; Sample 345-U1415J-21R-1, 17–19 cm [Piece 4]).
 and chlorite are separated by chlorite-rich foliae. Matrix chlorite
 northeast-trending foliae (C-F). These are cut by a set of north-
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K.M. Gillis et al. Hole U1415J
Figure F60. Core recovery in Holes U1415I and U1415J with location of magmatic layering, measured dip of
magmatic foliation, location of the three lithologic units in Hole U1415J, and correlation of the upper part of
Unit II with Hole U1415I. sd = standard deviation.
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h an olivine-bearing gabbronorite layer (In-
in troctolite layer (Interval 31; 6.5–9 cm) in
U1415J-5R-2A, 2.0–17.5 cm [Piece 1]). Also
 cm thick olivine-bearing gabbro layer (In-

8R-2, 105.5–121.0 cm [Piece 9]). Also shown
round large (up to 2 cm diameter) clinopy-
]).
Figure F61. Styles of magmatic layering and foliation, Unit II. A. Centimeter-scale modal layering wit
terval 30; 2.5–6.5 cm) between a troctolite layer (Interval 29; 0.5–2.5 cm) at the top and a second th
turn overlying an olivine-bearing gabbro layer (Interval 32;, 9–63 cm) at the bottom (Sample 345-
shown is olivine-plagioclase magmatic foliation. B. Centimeter-scale modal layering consisting of a 2
terval 42; 111–116 cm) within a clinopyroxene oikocryst-bearing troctolite layer (interval 345-U1415J-
is olivine-plagioclase magmatic foliation. C. Olivine-plagioclase magmatic foliation anastomosing a
roxene oikocrysts in an oikocryst-bearing troctolite (interval 345-U1415J-8R-3, 76.0–91.5 cm [Piece 9
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K.M. Gillis et al. Hole U1415J
Figure F62. Magmatic foliation strength expressed as percentage of core length for entire core (0–104.55 mbsf),
Units II (Sections 345-U1415J-5R-1 to 9R-1; 26.20–55.30 mbsf) and III (Sections 10R-1 to 26R-1; 55.30–104.55
mbsf).
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Figure F63. Magmatic foliation strength of dominant rock types in the core expressed as percentage of core
gabbro, olivine gabbro, and troctolite in Unit II (Sections 345-U1415J-5R-1 to 9R-1; 26.2–55.3 mbsf) and for tr
to 26R-1; 55.30–104.55 mbsf).
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K.M. Gillis et al. Hole U1415J
Figure F64. A. Steeply dipping boundary between medium-grained troctolite (Interval 58; 0–50 cm) on the left
and coarse-grained olivine gabbro (Unit 59; 50–56 cm) on the right. The olivine-plagioclase magmatic foliation
is clearly parallel to the boundary (interval 345-U1415J-10R-1A, 47–55 cm [Piece 6B]; wet image). Red box (tick
mark shows upward direction) indicates location and orientation of image in C. B. Gradational, vertical
boundary defined by modal variation in olivine and plagioclase within troctolite (Interval 73; interval 345-
U1415J-18R-1A, 129–142 cm [Piece 17]; dry image). The vertical olivine-plagioclase magmatic foliation par-
allels the boundary. C. Steeply dipping boundary between medium-grained troctolite on the left and coarse-
grained olivine gabbro on the right (under crossed polars). Magmatic foliation and orange birefringent clino-
pyroxene oikocryst extend across the boundary. Red boxes indicate the location and orientation of images in
Figures F11A and F11D. Red arrow indicates foliation orientation.
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K.M. Gillis et al. Hole U1415J
Figure F65. Gabbro and olivine gabbro (under crossed polars). A, B. Olivine gabbro (Sample 345-U1415J-3R-1,
22–24 cm [Piece 6]). A. Whole thin section image showing large (as long as 8 mm), high–aspect ratio (10:1)
twinned clinopyroxene crystals that define very strong lineation (red arrow) within weak plagioclase foliation
and more numerous smaller, equant clinopyroxene crystals. Red box (tick mark shows upward direction) indi-
cates location of image in B. B. Margin of one of the large, elongate clinopyroxene crystals showing a seriate
grain boundary with the adjacent annealed plagioclase crystals. C, D. Gabbro (Sample 345-U1415J-3R-1, 79–
82 cm [Piece 16]). C. Large plagioclase crystals with significant deformation twinning and bending but weakly
developed grain boundary annealing. D. Relatively coarse plagioclase grain size (2–5 mm) and moderate pla-
gioclase foliation (red arrow). Red box indicates location and orientation of image in C.
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K.M. Gillis et al. Hole U1415J
Figure F66. Clinopyroxene oikocrysts (under crossed polars). A. Clinopyroxene oikocryst-bearing troctolite
(Sample 345-U1415J-5R-1, 117–121 cm [Piece 7B]). Strong olivine-plagioclase magmatic foliation (red arrow)
within the relatively fine grained (1–3 mm) troctolitic portion of the rock wraps around the right side and bot-
tom of the oikocryst. Red box (tick mark shows upward direction) indicates location and orientation of E.
B. Clinopyroxene oikocryst developed in olivine gabbro at troctolite margin (Sample 345-U1415J-7G-1, 28–31
cm [Piece 5]). Strong olivine-plagioclase magmatic foliation (red arrow) within the relatively fine grained (1–3
mm) troctolitic portion of the rock wraps around the bottom of the oikocryst. Red box indicates location and
orientation of D. C. Large clinopyroxene oikocryst margins, just outside the field of view in A, clearly showing
two bent elongate plagioclase crystals within the oikocryst. D. Relatively unstrained, large 2–3 mm long pla-
gioclase crystal almost perpendicular to the olivine-plagioclase magmatic foliation. E. Large (7 mm long),
elongate plagioclase crystal within the olivine-plagioclase foliation showing sigmoidal bending, deformation
twins, and subgrains. F. Area just outside the field of view in B with a large (6 mm long) plagioclase crystal
with deformation twins. Also seen are small (<1 mm) plagioclase crystals immediately adjacent to and within
the margins of the large bent plagioclase crystal, illustrating how parts of the plagioclase network of crystals
are commonly annealed and strain free. 
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K.M. Gillis et al. Hole U1415J
Figure F67. Clinopyroxene oikocrysts (under crossed polars). A. Elongate clinopyroxene oikocrysts in olivine
gabbro (Sample 345-U1415J-5R-1, 62–64 cm [Piece 12]). Moderate olivine-plagioclase magmatic foliation wraps
around the top of the oikocrysts. Red box (tick mark shows upward direction) indicates location and orien-
tation of B. Red arrow indicates foliation orientation. B. Relatively large (2–3 mm long) plagioclase crystals par-
tially enclosed by a clinopyroxene oikocryst. The plagioclase crystals are aligned with the dominant foliation,
indicating that the pyroxene margins continued to grow after/during foliation development. C. Clinopyroxene
oikocryst-bearing troctolite with northeast–southwest imbricated or tiled plagioclase crystals within a foliation
running approximately horizontally in the figure. Imbrication suggests that a component of shear was in-
volved during foliation development (Sample 345-U1415J-7G-1, 55–56 cm [Piece 8]). D. Clinopyroxene oiko-
cryst-bearing troctolite (Sample 345-U1415J-8R-1, 79–82 cm [Piece 13]). Strong olivine-plagioclase magmatic
foliation wraps around the top of the oikocrysts. Red boxes indicate location and orientation of E and F. Red
arrow indicates foliation orientation. E. Strong magmatic foliation defined by annealed plagioclase and tabular
olivine crystals. F. Deformed clinopyroxene oikocryst exhibiting subgrain development.
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K.M. Gillis et al. Hole U1415J
Figure F68. Foliation (under crossed polars). A–D. Sample 345-U1415J-10R-1A, 53–55 cm (Piece 6B). Red arrows
show foliation orientation. See Figure F23C for the whole thin section image. Images B and C are from outside
the field of view. (A) Moderate-strength plagioclase foliation within a clinopyroxene oikocryst in olivine
gabbro. (B) Strong magmatic foliation defined by tabular plagioclase and sometimes lobate olivine crystals.
(C) Very skeletal olivine crystal with annealing of grain boundaries but no crystal-plastic deformation.
(D) Small plagioclase crystals (<0.5 mm) with typical annealing with gently curved grain boundaries and 120°
triple junctions. E. Relatively weakly altered troctolite with isotropic magmatic foliation (Sample 345-U1415J-
11R-1, 22–24 cm [Piece 4]). Large (up to 1 cm diameter) partially serpentinized skeletal olivine shows some un-
dulose extinction and subgrain development but no kinking.
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K.M. Gillis et al. Hole U1415J
Figure F69. Olivine gabbro (Sample 345-U1415J-25G-1, 11–15 cm [Piece 2]; under crossed polars).
A. Dramatic range in grain size with large (1–3 cm diameter) clinopyroxene oikocrysts, 0.5–1 cm diameter
skeletal olivine crystals, and 0.5–5 mm long plagioclase crystals. Clinopyroxene oikocrysts contain chains of
small plagioclase chadacrysts outlining areas of chadacryst-free clinopyroxene. Red boxes (tick marks show
upward direction) indicate location and orientation of B–E. B. Large (1–5 mm) plagioclase crystals with defor-
mation twinning. C. Fine-grained (<1 mm) annealed plagioclase crystals with gently curving grain boundar-
ies. D. Narrow zone (0.5–2 mm wide) of submillimeter plagioclase and clinopyroxene crystals between two
large clinopyroxene oikocrysts. Here, the grain boundaries are not annealed, and the tiny (<0.5 mm) frag-
ments of clinopyroxene suggest this zone might be a recrystallized high-temperature near-solidus deforma-
tion zone between two clinopyroxene oikocrysts. E. Chains of small plagioclase chadacrysts outlining areas of
chadacryst-free clinopyroxene.
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K.M. Gillis et al. Hole U1415J
Figure F70. Cataclastic foliation, Sample 345-U1415J-21R-1, 17–19 cm (Piece 4). A. Macroscopic rotation of
cataclastic foliation into fine-grained zones, microfaulting, and asymmetric prehnite porphyroclasts. B. Micro-
structure of well-developed cataclastic foliation defined by anastomosing ultrafine-grained dark to light brown
layers (clay?) separated by lenses hosting porphyroclasts of plagioclase, prehnite, epidote, clinozoisite/zoisite,
and carbonate. Red box indicates location of C. C. Asymmetric prehnite porphyroclasts (“fish”) showing un-
dulose extinction and subgrain formation, hosted in a sheared chlorite matrix. Although sense-of-shear indi-
cators are recognized in thin section, none of the recovered pieces hosting these microstructures are oriented;
therefore, no shear sense was determined. Under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F71. Brittle deformation intensity (Ranks 0–5), Hole U1415J. A. Cored intervals. (Continued on next
page.)
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K.M. Gillis et al. Hole U1415J
Figure F71 (continued). B. Ghost intervals.
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K.M. Gillis et al. Hole U1415J
Figure F72. Brittle deformation intensity (Ranks 0–5), Cores 345-U1415J-12R, 13R, 20R, and 21R.
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K.M. Gillis et al. Hole U1415J
Figure F73. Brittle macro- and microstructures. A, B. Rank 3 brittle deformation (dense-anastomosing frac-
turing) and well-developed brecciation (Rank 4). A. Sample 345-U1415J-12R-1, 82–93 cm (Piece 12). B. Sample
345-U1415J-12R-1, 73–81 cm (Piece 11). C. Cataclasite (Sample 345-U1415J-12R-1, 11–14 cm [Piece 3]).
D, F. Thin Section 61; Sample 345-U1415J-12R-1, 11–13 cm (Piece 3). D. Cataclasite cut by an epidote vein
(plane-polarized light). F. Crosscutting relationship between cataclasite and epidote vein (under crossed polars).
E, G. Thin Section 62; Sample 345-U1415J-12R-1, 86–89 cm (Piece 12); under crossed polars. E. Cataclasite.
G. Chlorite-filled space in fractured plagioclase and clinopyroxene.
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K.M. Gillis et al. Hole U1415J
Figure F74. Brittle structures. A. Dense anastomosing fracturing (Rank 3; Sample 345-U1415J-21R-1, 0–13 cm
[Piece 1]). B. Well-developed brecciation (Rank 4; Sample 345-U1415J-21R-1, 113–124 cm [Piece 16]). C. Cata-
clasite (Rank 5) with strong cataclastic foliation (Sample 345-U1415J-21R-1, 16–23 cm [Piece 4]). D. Fine-
grained prehnite vein (center) and chlorite vein (right) developed along subvertical-oriented cataclasite zone
(Thin Section 79; Sample 345-U1415J-21R-1, 103–107 cm [Piece 14]). E. Cataclasite (Thin Section 77; Sample
345-U1415J-21R-1, 17–19 cm [Piece 4]). F. Crosscutting relationship between cataclasite zone and chlorite vein
(also Thin Section 77). G. Chlorite filled space in fractured plagioclase (Thin Section 80; Sample 345-U1415J-
21R-1, 118–121 cm [Piece 16]). D–G are under crossed polars.
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K.M. Gillis et al. Hole U1415J
Figure F75. Dips from oriented zones of brittle deformation, Hole U1415J.
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K.M. Gillis et al. Hole U1415J
Figure F77. Intrusive relations between basaltic dike and cataclastic deformation (Sample 345-U1415J-19R-1,
63.5–70.0 cm [Piece 10]). A. Core close-up. Yellow box shows area in B. B. Thin Section 74; Sample 345-U1415J-
19R-1, 64–67 cm (Piece 10). Yellow boxes (tick marks show upward direction) indicate locations of C–F (under
crossed polars unless otherwise noted). C. Cataclasis hosting a deformed prehnite aggregate. D. Dike zone with
narrow cataclastic deformation. E. Contact between cataclasite and dike, with epidote veins that cut the
contact (plane-polarized light). F. Cataclastic deformation at the contact zone. Two thin zones of cataclasite
derived from each zone develop at the contact zone.
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K.M. Gillis et al. Hole U1415J
Figure F78. Microstructural relations between dolerite and cataclasite (under crossed polars unless otherwise
noted). A. Thin Section 81; Sample 345-U1415J-23R-1, 10–12 cm (Piece 3). Yellow boxes (tick marks show
upward direction) indicate locations of B–E. B. Altered clast in cataclasite zone (plane-polarized light). C. Ep-
idote clasts surrounded by chlorite in cataclasite zone. D. Boundary between clinozoisite and prehnite veins.
E. Boundary between cataclasite and dolerite chilled margin.
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K.M. Gillis et al. Hole U1415J
Figure F79. Microstructures in cataclasite (Thin Section 86; Sample 345-U1415J-26R-1, 23–25 cm [Piece 4];
under crossed polars). A. Whole thin section image. Yellow boxes (tick mark shows upward direction) indicate
locations of B and C. B. Cataclasite. Prehnite grains replace plagioclase. C. Fractured plagioclase filled by
chlorite.
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K.M. Gillis et al. Hole U1415J
Figure F80. Macroscopic character of veins, Hole U1415J. A. Irregular prehnite vein (red arrow) perpendicular
to magmatic foliation typical of the upper half of Hole U1415J in Units I and II (Sample 345-U1415J-8R-1A,
88.5–106 cm [Piece 14]). B. Set of parallel chlorite (greenish) veins perpendicular to the vertical magmatic foli-
ation and set of parallel prehnite (white) veinlets (red arrows) parallel to the vertical magmatic foliation. Note
branching of some vertical prehnite veins into horizontal chlorite veins (Sample 345-U1415J-18R-1A, 137.5–
147 cm [Piece 17]).
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K.M. Gillis et al. Hole U1415J
Figure F81. Microscopic character of veins (under crossed polars). A. Set of undeformed veins injected into ser-
pentine (Sample 345-U1415J-19R-1, 18–19 cm [Piece 9]). V1 is filled with chlorite. Fibers grew normal to the
vein wall (open crack). V2 is filled with prehnite, and V3 is filled with both chlorite and serpentine. B. Chlorite
vein injected into weakly altered gabbro (Sample 345-U1415J-5R-1, 138–141 cm [Piece 18]). Fibers are perpen-
dicular to the vein walls, but their slightly sigmoidal shape shows moderate shearing during or after crack
opening and chlorite crystallization. C. Chlorite vein injected into altered troctolite (Sample 345-U1415J-18R-
1, 141–143 cm [Piece 17B]). Fibers initially formed perpendicular to vein walls and were eventually sheared
along the vein walls. Shear movement caused bending and displacement of the first filling material together
with grain size reduction. D. Chlorite vein injected into moderately altered troctolite (Sample 345-U1415J-21R-
1, 58–59 cm [Piece 9]). Fibers oblique to the vein walls and sigmoidal shape show that the crack opened and
chlorite crystallized during shearing. E. Strongly sheared chlorite vein associated with cataclasite (Sample 345-
U1415J-21R-1, 17–19 cm [Piece 4]). F. Chlorite-filled tension gashes filled with chlorite perpendicular to cata-
clastic foliation (Sample 345-U1415J-23R-1, 10–12 cm [Piece 3]).
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K.M. Gillis et al. Hole U1415J
Figure F82. Vein density expressed as percentage of core length for (A) the entire core (0–104.55 mbsf), (B) Unit
II (Sections 345-U1415J-5R-1 to 9R-1; 26.2–55.3 mbsf), and (C) Unit III (Sections 345-U1415J-10R-1 to 26R-1;
55.30–104.55 mbsf).
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K.M. Gillis et al. Hole U1415J
Figure F83. Vein density expressed as percentage of core length (y-axis), Hole U1415J.
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K.M. Gillis et al. Hole U1415J
Figure F84. Core recovery and location and measured vein dip, Hole U1415J.
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K.M. Gillis et al. Hole U1415J
Figure F87. Natural remanent magnetization (NRM) intensity for gabbroic and troctolitic rocks in Hole U1415J
based on archive-half core remanence measurements.
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Figure F89. Summary of archive-half core magnetic measurements, Hole U1415J. For inclination and intensity
magnetization data and solid circles are principal component analysis picks. Point magnetic susceptibility was 
tisensor Logger. Remanence and susceptibility data from within 4.5 cm of piece ends have been excluded. 
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K.M. Gillis et al. Hole U1415J
Figure F90. Demagnetization data from adjacent discrete samples containing oikocrysts, Section 345-U1415J-
8R-1. Solid circles = projection onto the horizontal plane, open circles = projection onto the vertical X–Z plane.
Insets are normalized intensity plots (black line = intensity decay path, red line = vector difference sum). NRM
= natural remanent magnetization, LTD1 = first low-temperature demagnetization treatment.
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K.M. Gillis et al. Hole U1415J
Figure F92. Normalized thermal demagnetization intensity decay curves for selected samples in Hole U1415J
that have high unblocking temperature single components of magnetization.
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K.M. Gillis et al. Hole U1415J
Figure F93. Demagnetization behavior in discrete samples in Hole U1415J that display near-antipodal compo-
nents of remanence. Solid circles = projection onto the horizontal plane, open circles = projection onto the ver-
tical Y–Z plane. NRM = natural remanent magnetization, Dec. = declination, Inc. = inclination.
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K.M. Gillis et al. Hole U1415J
Figure F94. Demagnetization data from thermally demagnetized discrete samples and alternating field demag-
netization data from equivalent measuring points in archive-half core samples, Hole U1415J. Solid circles = pro-
jection onto the horizontal plane, open circles = projection onto the vertical X–Z plane. Red stars indicate the
directions of highest unblocking temperature components from discrete samples for comparison with archive-
half core demagnetization paths (solid/open stars = lower/upper hemisphere projections, respectively). NRM =
natural remanent magnetization, LTD1 = first low-temperature demagnetization treatment, Cpx = clinopy-
roxene.
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K.M. Gillis et al. Hole U1415J
Figure F95. Demagnetization data from thermally demagnetized discrete samples and alternating field demag-
netization data from equivalent measuring points in archive-half core samples, Hole U1415J. Solid circles = pro-
jection onto the horizontal plane, open circles = projection onto the vertical X–Z plane. Red stars indicate the
directions of highest unblocking temperature components from discrete samples for comparison with archive-
half core demagnetization paths (solid/open stars = lower/upper hemisphere projections, respectively). NRM =
natural remanent magnetization. LTD1 = first low-temperature demagnetization treatment, LDT2 = second
low-temperature demagnetization treatment.
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K.M. Gillis et al. Hole U1415J
Figure F96. A. Downward-directed linear components picked from alternating field demagnetization data from
archive-half core samples measured on the superconducting rock magnetometer. B. High unblocking temper-
ature components from discrete samples cut from the working-half core at the same depth (measured on the
JR6A spinner magnetometer). Solid/open symbols = lower/upper hemisphere directions, respectively.
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K.M. Gillis et al. Hole U1415J
Figure F97. Variation with depth of the inclination of high unblocking temperature components in discrete
samples in Hole U1415J, indicating sampling of at least two blocks with independent rotation histories. See
text for details. MAD = maximum angular deviation.

5R-1, 130 cm

5R-2, 19 cm

19R-1, 17 cm

18R-1, 144 cm

13R-1, 42 cm

10R-1, 42 cm

9R-1, 47 cm

5R-2, 35 cm

-80 -60 -40 -20 400 6020

Inclination of highest unblocking temperature component

E
xp

ec
te

d 
in

cl
in

at
io

n

3R-1, 26 cm

5R-1, 122 cm

5R-2, 61 cm

8R-3, 68 cm

8R-3, 113 cm

21R-1, 57 cm

21R-1, 118 cm

21R-2, 27 cm

23R-1, 22 cm

23R-1, 51 cm

MAD < 10.0°

MAD > 10.0°

Suspected displaced block

D
ep

th
 (

m
bs

f)

D
ep

th
 (

m
bs

f)

15.26

27.42

27.50

27.83

27.99

28.25

38.54

38.99

75.12

45.67

55.72

85.84

89.27

99.37

99.98

100.39

102.02

102.31
Proc. IODP | Volume 345 132



K.M. Gillis et al. Hole U1415J
Figure F98. Natural remanent magnetization (NRM) intensity vs. low-field magnetic susceptibility of discrete
and archive-half core samples, Hole U1415J. The distribution of values compared to lines of constant Q
(Königsberger ratio of remanent to induced magnetization; calculated for 25 A/m field) shows that remanence
is substantially greater than induced magnetization in most samples.
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K.M. Gillis et al. Hole U1415J
Figure F99. Anisotropy of low-field magnetic susceptibility (AMS) data from 21 of 27 discrete samples, Hole
U1415J. Bootstrapped mean eigenvectors averaged from three separate measurements of each discrete sample
are shown with 95% confidence ellipses associated with the maximum, intermediate, and minimum eigen-
vectors. A. Consistency in the orientation of magnetic fabric and observed magmatic foliations in these core
sections, showing an eastward-dipping fabric within the core reference frame. B. A wider range of AMS eigen-
vectors is evident from samples below 40 mbsf. C. Shape factor vs. corrected anisotropy degree shows predom-
inantly oblate AMS ellipsoid shapes (positive T), although some samples with triaxial and prolate shapes are
also observed.
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K.M. Gillis et al. Hole U1415J
Figure F100. (A) H2O and (B) CO2 contents vs. loss on ignition (LOI) for the different rock types recovered from
Hole U1415J. Compositions of samples recovered from Holes U1415E, U1415H, and U1415I are shown for
comparison. Cpx = clinopyroxene.

0.45
0

1

2

3

4

5

6

7

8

9

H
2O

 (
w

t%
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

C
O

2 
(w

t%
)

0 2 4 6 8 10
LOI (wt%)

A

B Basalt

Disaggregated gabbro

Gabbro

Troctolite

Cpx oikocryst-
bearing gabbro

Cpx oikocryst troctolite

Anorthosite

Chromitite

Gabbro

Sand/Cuttings

Gabbroic rock

Troctolitic intervals

Gabbronorite

Gabbronorite 

Hole U1415I

Hole U1415E

Hole U1415H

Hole U1415J
Proc. IODP | Volume 345 135



K
.M

. G
illis et al.

H
o

le U
1415J

Proc. IO
D

P | V
olum

e 345
136

e) with all Fe recalculated as Fe2+, Ca# = 100 × cationic Ca/
previously drilled intervals, Cpx = clinopyroxene.
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Figure F101. Element concentrations, Hole U1415J. Mg# = 100 × cationic Mg/(Mg + F
(Ca + Na). G = sampled from ghost core obtained during hole cleaning operations in 
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K.M. Gillis et al. Hole U1415J
Figure F102. A–F. Compositions of different rock types recovered from Hole U1415J vs. Mg# (100 × Mg/[Mg +
Fe] with all Fe recalculated as Fe2+). For comparison, a compilation of the plutonic rock sampled along the East
Pacific Rise (EPR) at Hess Deep (Hékinian et al., 1993; Shipboard Scientific Party, 1993; Miller et al., 1996;
Natland and Dick, 2009; Pedersen et al., 1996; Hanna, 2004; Kirchner and Gillis, 2012), Pito Deep (Perk et al.,
2007), and other locations (Saunders et al., 1982) is shown. Plutonic rock sampled in Holes U1415E, U1415H,
and U1415I are also shown for comparison. Cpx = clinopyroxene.
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K.M. Gillis et al. Hole U1415J
Figure F103. A–C. Compositions of different rock types recovered from Hole U1415J vs. TiO2. For comparison,
a compilation of plutonic rocks sampled along the East Pacific Rise (EPR) at Hess Deep (Hékinian et al., 1993;
Shipboard Scientific Party, 1993; Miller et al., 1996; Natland and Dick, 2009; Pedersen et al., 1996; Hanna, 2004;
Kirchner and Gillis, 2012), Pito Deep (Perk et al., 2007), and other locations (Saunders et al., 1982) is shown.
Plutonic rock sampled in Holes U1415E, U1415H, and U1415I are also shown for comparison. Cpx = clinopy-
roxene.
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not shown. Plotted gamma ray attenuation
MSL) data are filtered (see “Physical prop-
tic susceptibility.
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Figure F104. Summary of physical property measurements, Hole U1415J. Data from ghost cores are 
(GRA) density, Whole-Round Multisensor Logger (WRMSL), and Section Half Multisensor Logger (SH
erties” in the “Methods” chapter [Gillis et al., 2014d]). NGR = natural gamma radiation, MS = magne
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K.M. Gillis et al. Hole U1415J
Figure F105. P-wave velocity (VP) vs. grain density at Site U1415 compared with previous data from gabbroic
rock from Hess Deep at Ocean Drilling Program (ODP) Leg 147 Site 894 and from slow-spreading crust in ODP
Legs 118 and 176 Hole 735B on the Southwest Indian Ridge, in the Mid-Atlantic Ridge at Kane area, at the Mid-
Atlantic Ridge in the 15°N area, and at IODP Expedition 304/305 Site U1309 (Atlantis Massif) on the Mid-At-
lantic Ridge at 30°N (Shipboard Scientific Party, 1989, 1993, 1999, 2004; Cannat, Karson, Miller, et al., 1995;
Expedition 304/305 Scientists, 2006). The locations of slow-spreading crust hole, site, or leg numbers on the
plot indicate average values.
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K.M. Gillis et al. Hole U1415J
Figure F106. Inverse correlation of grain density with (A) background alteration and (B) olivine contents, Hole
U1415J. Alteration and olivine modes were characterized macroscopically on section halves.
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K.M. Gillis et al. Hole U1415J
Figure F107. Inverse correlation of P-wave velocity (VP) with porosity, Hole U1415J.
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Figure F108. Inverse correlation of intensity of cataclastic deformation with (A) P-wave velocity (VP) and
(B) porosity, Hole U1415J. Cataclastic deformation was characterized macroscopically on section halves (see
Fig. F15 in the “Methods” chapter [Gillis et al., 2014d]).

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

0 1 2 3 4 5

V
P
 (

km
/s

)

Cataclastic intensity

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 1 2 3 4 5

P
or

os
ity

 (
%

)

Cataclastic intensity

A B

Gabbronorite

Gabbro

Olivine gabbro

Troctolite
Proc. IODP | Volume 345 143



K.M. Gillis et al. Hole U1415J
Table T1. Operations summary, Hole U1415J.

Local ship time was UTC – 7 h. Ghost core (G) is not included in totals. DRF = drilling depth below rig floor, DSF = drilling depth below seafloor.
R = rotary core barrel (RCB) system, numeric core type = drilled interval. — = not calculated.

Hole U1415J (install seafloor structure and casing; RCB coring):
Latitude: 2°15.1604′N
Longitude: 101°32.6622′W
Time at site (h): 383 (16 days) (0230 h, 31 December 2012–0130 h, 16 January)
Seafloor (drill pipe measurement below rig floor, m DRF): 4850.0
Distance between rig floor and sea level (m): 11.2
Water depth (drill pipe measurement from sea level, mbsl): 4838.8
Total penetration (drilling depth below seafloor, m DSF): 111.8
Total depth (drill pipe measurement from rig floor, m DRF): 4961.8
Total length of cored section (m): 91.8
Total core recovered (m): 14.35
Core recovery (%): 16
Drilled interval (m): 2
Total number of cores: 15 RCB, 9 ghost

Core

Depth (mbsf) Interval 
cored
(m)

Core 
recovered

(m)

Curated 
length

(m)
Recovery

(%)
Date

(2013)
Time UTC

(h)
Top of cored

interval
Bottom of

cored interval 

345-U1415J-
11 0.0 15.0 ****Drilled from 0.0 to 15.0 mbsf****
2G 10.0 15.0  — 0.20 0.13  — 3 Jan 1745
3R 15.0 22.2 7.2 0.68 0.86 9 4 Jan 0115
4R 22.2 26.2 4.0 0.18 0.22 5 4 Jan 0415
5R 26.2 34.9 8.7 1.88 2.08 22 4 Jan 1350
6G 29.0 34.9  — 0.33 0.45  — 4 Jan 2000
7G 29.0 34.9  — 1.54 2.05  — 5 Jan 0900
8R 34.9 45.2 10.3 3.22 4.39 31 5 Jan 1505
9R 45.2 55.3 10.1 0.94 1.10 9 5 Jan 2055
10R 55.3 65.0 9.7 0.55 0.62 6 6 Jan 0205
11R 65.0 69.7 4.7 0.41 0.50 9 6 Jan 0715
12R 69.7 74.7 5.0 0.74 1.56 15 6 Jan 1230
13R 74.7 79.4 4.7 0.59 0.65 13 6 Jan 1630
14G 37.0 79.4  — 0.15 0.25  — 7 Jan 0150
15G 37.0 45.0  — 0.64 0.69  — 7 Jan 1620
162 79.4 84.4 ****Drilled from 79.4 to 84.4 mbsf****
17G 79.4 84.4  — 0.12 0.12  — 12 Jan 0930
18R 84.4 89.1 4.7 1.50 1.50 32 12 Jan 1325
19R 89.1 94.1 5.0 0.77 0.94 15 12 Jan 1715
20R 94.1 98.8 4.7 0.19 0.20 4 12 Jan 2200
21R 98.8 101.8 3.0 1.39 1.62 46 13 Jan 0400
22G 82.0 101.8  — 0.07 0.12  — 13 Jan 0830
23R 101.8 103.8 2.0 0.53 0.53 27 13 Jan 1530
24G 74.0 101.0  — 0.21 0.27  — 13 Jan 2055
25G 99.0 103.8  — 0.48 0.57  — 15 Jan 0900
26R 103.8 111.8 8.0 0.78 0.75 10 15 Jan 1530

Total: 91.8 14.35 17.52 16
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hree pages.)

Complete lithology name

Aphyric basalt
Dolerite
Dolerite
Basalt
Gabbro 
Olivine-bearing dolerite
Aphyric basalt
Doleritic gabbro
Olivine gabbro 
Olivine-bearing gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Olivine gabbro 

l Clinopyroxene oikocryst-bearing troctolite 
Olivine gabbro 

Gabbro 
Gabbro 
Clinopyroxene oikocryst-bearing olivine gabbro 
Alteration vein

Gabbro 
Olivine gabbro 
Orthopyroxene-bearing gabbro 
Gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Oikocryst gabbro
Clinopyroxene oikocryst-bearing olivine gabbro
Clinopyroxene oikocryst-bearing olivine gabbro
Olivine bearing gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbronorite 
Olivine-bearing gabbro 
Olivine-bearing gabbronorite 
Clinopyroxene oikocryst-bearing troctolite 
Troctolite 
Olivine-bearing gabbronorite 
Troctolite 
Olivine-bearing gabbronorite 
Gabbro 
Olivine gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Olivine gabbro 
Clinopyroxene oikocryst-bearing troctolite 

l Oikocryst gabbro
Olivine gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 

l Olivine-bearing gabbro 
Table T2. Summary of lithologic intervals and their classification to units, Hole U1415J. (Continued on next t

Unit Description
Core, section, 
interval (cm)

Depth (mbsf)

Pieces 
Lithologic 
interval Contact type Contact definitionTop Bottom

345-U1415J-
I Surficial rubble 2G-1A, 0–4 10.000 10.04 1 G1 Not recovered

2G-1A, 4–8 10.040 10.08 1 G2 Not recovered
2G-1A, 8–12 10.080 10.12 1 G3 Not recovered
2G-1A, 12–13 10.120 10.13 1 G4 Not recovered
3R-1A, 0–6 15.000 15.06 1, 2 1 Not recovered
3R-1A, 7–8 15.070 15.08 3 2 Not recovered
3R-1A, 8–9 15.080 15.09 3 3 Not recovered
3R-1A, 9–10 15.090 15.10 3 4 Not recovered
3R-1A, 11–17 15.110 15.17 4 5 Not recovered
3R-1A, 18–28 15.180 15.28 5, 6 6 Not recovered
3R-1A, 29–37 15.290 15.37 7, 8 7 Not recovered
3R-1A, 37–40 15.370 15.40 8 8 Not recovered
3R-1A, 40–42 15.400 15.42 9 9 Modal Sharp to gradationa
3R-1A, 43–78 15.430 15.78 10, 11, 12, 13, 

14, 15
10 Not recovered

3R-1A, 79–86 15.790 15.86 16 11 Not recovered
4R-1A, 13–19 22.330 22.39 1, 2 12 Not recovered
4R-1A, 20–23 22.400 22.43 3 13 Not recovered
4R-1A, 20–23 22.400 22.43 4 14 Not recovered

II Oikocryst-Bearing 
Layered Gabbro 
Series

5R-1A, 0–4 26.200 26.24 1 15 Not recovered
5R-1A, 5–12 26.250 26.32 2, 3 16 Not recovered
5R-1A, 12–24 26.320 26.44 4, 5 17 Not recovered
5R-1A, 25–27 26.450 26.47 6 18 Not recovered
5R-1A, 28–44 26.480 26.64 7, 8 19 Not recovered
5R-1A, 44–59 26.640 26.79 9, 10, 11 20 Not recovered
5R-1A, 59–80 26.790 27.00 12, 13 21 Not recovered
5R-1A, 81–85 27.010 27.05 14 22 Not recovered
5R-1A, 86–98 27.060 27.18 15, 16 23 Not recovered
5R-1A, 99–121 27.190 27.41 17 24 Not recovered
5R-1A, 121–125 27.410 27.45 17 25 Modal
5R-1A, 125–132 27.450 27.52 17, 18 26 Modal and textural
5R-1A, 132–136 27.520 27.56 18 27 Modal and textural
5R-1A, 136–144 27.560 27.64 18 28 Modal and textural
5R-2A, 0.5–2.5 27.640 27.66 1 29 Not recovered
5R-2A, 2.5–6.5 27.660 27.70 1 30 Modal and textural
5R-2A, 6.5–9 27.700 27.73 1 31 Modal and textural
5R-2A, 9–63 27.725 28.27 1, 2, 3 32 Modal and textural
8R-1A, 0–5 34.900 34.95 1 33 Not recovered
8R-1A, 5–12 34.950 35.02 2 34 Not recovered
8R-1A, 13–16 35.030 35.06 3 35 Not recovered
8R-1A, 17–21 35.070 35.11 4 36 Not recovered
8R-1A, 22–73 35.120 35.63 5, 6, 7, 8, 9, 10, 

11, 12, 13
37 Not recovered

8R-1A, 74–108 35.640 35.98 13, 14 38 Color Sharp to gradationa
8R-1A, 109–122 35.990 36.12 15, 16 39 Not recovered
8R-1A, 123–147 36.130 36.37 17, 18 40 Not recovered
8R-2A, 0–111 36.370 37.48 1, 2, 3, 4, 5, 6, 

7, 8, 9
41 Not recovered

8R-2A, 111–116 37.480 37.53 9 42 Modal and textural Sharp to gradationa
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nal Olivine gabbro 

nal Troctolite 
Troctolite 
Oikocryst gabbro
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbro 

Orthopyroxene-bearing olivine gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbro 
Oikocryst gabbro
Olivine-bearing gabbro 

Aphyric basalt
Orthopyroxene-bearing olivine gabbro 

Troctolite 
nal Olivine gabbro 

Troctolite 
Troctolite 

Troctolite 

Olivine gabbro 

Olivine gabbro 
Olivine gabbro 
Troctolite 

Troctolite 
Olivine-moderately phyric basalt
Troctolite 
Completely altered chromitite
Troctolite 

Troctolite 
Troctolite 

Cataclasite
Troctolite 
Troctolite 
Cataclastic basalt
Completely altered chromitite
Olivine gabbro 

Olivine gabbro 
Troctolite 

n Complete lithology name
8R-2A, 116–143 37.530 37.80 9, 10, 11, 12, 
13

43 Modal and textural Sharp to gradatio

8R-2A, 143–149 37.800 37.86 13 44 Modal and textural Sharp to gradatio
8R-3A, 0–10 37.860 37.96 1, 2 45 Not recovered
8R-3A, 11–22 37.970 38.08 3, 4 46 Not recovered
8R-3A, 23–30 38.090 38.16 5 47 Not recovered
8R-3A, 31–76 38.170 38.62 6, 7, 8 48 Not recovered
8R-3A, 77–93 38.630 38.79 9 49 Not recovered
8R-3A, 94–143 38.800 39.29 10, 11, 12, 13, 

14, 15
50 Not recovered

9R-1A, 0–9 45.200 45.29 1 51 Not recovered
9R-1A, 10–17 45.300 45.37 2 52 Not recovered
9R-1A, 18–29 45.380 45.49 3 53 Not recovered
9R-1A, 30–34 45.500 45.54 4 54 Not recovered
9R-1A, 35–96 45.550 46.16 5, 6, 7, 8, 9, 10, 

11, 12, 13
55 Not recovered

9R-1A, 97–100 46.170 46.20 14 56 Not recovered
9R-1A, 101–110 46.210 46.30 15 57 Not recovered

III Troctolite Series 10R-1A, 0–50 55.300 55.85 1, 2, 3, 4, 5, 6 58 Not recovered
10R-1A, 50–56 55.750 55.85 6 59 Modal and textural Sharp to gradatio
10R-1A, 56–63 55.860 55.93 7 60 Not recovered
11R-1A, 0–50 65.000 65.50 1, 2, 3, 4, 5, 6, 

7
61 Not recovered

12R-1A, 0–51 69.700 70.21 1, 2, 3, 4, 5, 6, 
7, 8

62 Not recovered

12R-1A, 52–147 70.220 71.17 9, 10, 11, 12, 
13, 14, 15, 
16, 17, 18

63 Not recovered

12R-2A, 0–9 71.165 71.26 1 64 Not recovered
13R-1A, 0–7 74.700 74.77 1 65 Not recovered
13R-1A, 8–65 74.780 75.35 2, 3, 4, 5, 6, 7, 

8
66 Not recovered

18R-1A, 0–25 84.400 84.65 1, 2, 3 67 Not recovered
18R-1A, 26–29 84.660 84.69 4 68 Not recovered
18R-1A, 30–66 84.700 85.06 5, 6, 7, 8 69 Not recovered
18R-1A, 67–72 85.070 85.12 9 70 Not recovered
18R-1A, 73–128 85.130 85.68 10, 11, 12, 13, 

14, 15, 16
71 Not recovered

18R-1A, 129–150 85.690 85.90 17 72 Modal
19R-1A, 0–56 89.100 89.66 1, 2, 3, 4, 5, 6, 

7, 8, 
73 Not recovered

19R-1A, 57–70 89.670 89.80 9, 10 74 Not recovered
19R-1A, 71–94 89.810 90.04 11, 12, 13, 14 75 Not recovered
20R-1A, 0–20 94.100 94.30 1, 2, 3 75 Not recovered
21R-1A, 0–4 98.800 98.84 1 76 Not recovered
21R-1A, 5–16 98.850 98.96 2, 3 77 Not recovered
21R-1A, 17–132 98.970 100.12 4, 5, 6, 7, 8, 9, 

10, 11, 12, 
13, 14, 15, 
16, 17

78 Not recovered

21R-2A, 0–31 100.115 100.43 1, 2, 3 78 Not recovered
23R-1A, 0–4 101.800 101.84 1 79 Not recovered

Unit Description
Core, section, 
interval (cm)

Depth (mbsf)

Pieces 
Lithologic 
interval Contact type Contact definitioTop Bottom

Table T2 (continued). (Continued on next page.)
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Troctolite 
Cataclastic, chilled margin–bearing basalt
Troctolite 
Olivine gabbro 
Cataclastic olivine gabbro
Olivine gabbro 

onal Troctolite 
Cataclastic olivine gabbro
Troctolite 
Cataclastic olivine gabbro
Olivine gabbro 
Cataclastic olivine gabbro

Clinopyroxene oikocryst-bearing olivine gabbro
Olivine gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Cataclastic gabbro
Olivine-bearing gabbro 
Olivine-bearing gabbro 
Clinopyroxene oikocryst-bearing olivine gabbro 
Clinopyroxene oikocryst-bearing olivine gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbro 
Olivine-bearing gabbro
Clinopyroxene oikocryst-bearing troctolite
Olivine-bearing gabbro
Olivine-bearing gabbro
Clinopyroxene oikocryst-bearing troctolite
Olivine gabbro
Olivine gabbro
Clinopyroxene oikocryst-bearing troctolite
Clinopyroxene oikocryst-bearing troctolite
Clinopyroxene oikocryst-bearing troctolite
Cataclastic gabbro
Olivine-bearing gabbro 
Oikocryst gabbro
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Olivine-bearing gabbro 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 
Clinopyroxene oikocryst-bearing troctolite 

ion Complete lithology name
23R-1A, 5–9 101.850 101.89 2 80 Not recovered
23R-1A, 10–13 101.900 101.93 3 81 Not recovered
23R-1A, 14–18 101.940 101.98 4 82 Not recovered
23R-1A, 19–34 101.990 102.14 5 83 Not recovered
23R-1A, 35–37 102.150 102.17 6 84 Not recovered
23R-1A, 38–53 102.180 102.33 7, 8 85 Not recovered
26R-1A, 0–15 103.800 103.95 1, 2 86 Modal Sharp to gradati
26R-1A, 16–43 103.960 104.23 3, 4, 5, 6, 7 87 Not recovered
26R-1A, 44–58 104.240 104.38 8, 9, 10, 11 88 Not recovered
26R-1A, 59–61 104.390 104.41 12 89 Not recovered
26R-1A, 62–64 104.420 104.44 13 90 Not recovered
26R-1A, 65–75 104.450 104.55 14, 15 91 Not recovered

Ghost core 
Cluster 1

Samples recovered 
from the ghost core; 
contains rocks from 
Units I and II, 
excludes rocks from 
Unit III

6G-1A, 0–0.6 29.000 29.05 1 G5 Not recovered
6G-1A, 5–8 29.045 29.08 2 G6 Not recovered
6G-1A, 8–11 29.075 29.11 3 G7 Not recovered
6G-1A, 11–15 29.110 29.15 4 G8 Not recovered
6G-1A, 15–22 29.145 29.22 5 G9 Not recovered
6G-1A, 22–25 29.220 29.25 6 G10 Not recovered
6G-1A, 25–31 29.250 29.31 7 G11 Not recovered
6G-1A, 31–35 29.305 29.35 8 G12 Not recovered
6G-1A, 35–38 29.345 29.38 9 G13 Not recovered
6G-1A, 38–42 29.380 29.42 10 G14 Not recovered
6G-1A, 42–45 29.420 29.45 11 G15 Not recovered
7G-1A, 0–4.5 29.000 29.05 1 G16 Not recovered
7G-1A, 4.5–9 29.045 29.09 2 G17 Not recovered
7G-1A, 9–17 29.090 29.17 3 G18 Not recovered
7G-1A, 17–26 29.170 29.26 4 G19 Not recovered
7G-1A, 26–30 29.260 29.30 5 G20 Not recovered
7G-1A, 30–34.5 29.300 29.35 6 G21 Not recovered
7G-1A, 34.5–42 29.345 29.42 7 G22 Modal and textural Sharp
7G-1A, 42–49 29.420 29.49 8 G23 Not recovered
7G-1A, 49–57 29.490 29.57 9 G24 Not recovered
7G-1A, 57–64.5 29.570 29.65 10 G25 Not recovered
7G-1A, 64.5–70.5 29.645 29.71 10 G26 Not recovered
7G-1A, 70.5–76 29.705 29.76 11 G27 Not recovered
7G-1A, 76–80 29.760 29.80 12 G28 Not recovered
7G-1A, 80–91 29.800 29.91 13 G29 Not recovered
7G-1A, 91–97 29.910 29.97 14 G30 Not recovered
7G-1A, 97–107 29.970 30.07 15 G31 Not recovered
7G-1A, 107–125 30.070 30.25 16 G32 Not recovered
7G-1A, 125–137 30.250 30.25 17 G33 Not recovered
7G-1A, 137–146 30.370 30.46 18 G34 Not recovered
7G-2, 0–10 30.460 30.56 1 G35 Not recovered
7G-2, 10–17 30.555 30.63 2 G36 Not recovered
7G-2, 17–26 30.630 30.72 3 G37 Not recovered
7G-2, 26–31 30.720 30.77 4 G38 Not recovered
7G-2, 31–39 30.770 30.85 5 G39 Not recovered
7G-2, 39–51 30.850 30.97 6 G40 Not recovered
7G-2, 51–59 30.970 31.05 7 G41 Not recovered
15G-1A, 0–6 79.400 79.46 1 G46 Not recovered

Unit Description
Core, section, 
interval (cm)

Depth (mbsf)

Pieces 
Lithologic 
interval Contact type Contact definitTop Bottom

Table T2 (continued). (Continued on next page.)
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art of the hole that fell into the borehole during cleaning operations. 

Not recovered Clinopyroxene oikocryst-bearing troctolite 
Not recovered Olivine-bearing gabbro 
Not recovered Olivine-bearing gabbro 
Not recovered Olivine-bearing gabbro 
Not recovered Clinopyroxene oikocryst-bearing troctolite 
Not recovered Olivine gabbro 
Not recovered Olivine gabbro 
Not recovered Oikocryst gabbro 

Not recovered Cataclastic olivine gabbro
Not recovered Olivine gabbro
Not recovered Olivine gabbro
Not recovered Troctolite 
Not recovered Cataclastic olivine gabbro
Not recovered Aphyric basalt
Not recovered Completely altered chromitite
Not recovered Olivine gabbro 
Not recovered Olivine-moderately phyric basalt
Not recovered Cataclastic olivine gabbro
Not recovered Cataclastic olivine gabbro
Not recovered Troctolite 
Not recovered Troctolite 
Not recovered Cataclastic basalt
Not recovered Olivine-bearing gabbro 
Not recovered Olivine gabbro
Not recovered Troctolite 
Not recovered Olivine gabbro 
Modal and textural Olivine gabbro
Not recovered Recovered cement
Not recovered Recovered cement
Not recovered Cataclastic olivine gabbro

 
Contact type Contact definition Complete lithology name
Pieces 1–4 from Section 345-U1415J-23R-1A are regarded as representing rubble from an upper p

15G-1A, 7–19 79.470 79.59 2 G47
15G-1A, 20–28 79.600 79.68 3 G48
15G-1A, 29–37 79.690 79.77 4 G49
15G-1A, 38–42 79.780 79.82 5 G50
15G-1A, 43–51 79.830 79.91 6 G51
15G-1A, 52–57 79.920 79.97 7 G52
15G-1A, 58–65 79.980 80.05 8 G53
15G-1A, 66–69 80.060 80.09 9 G54

Ghost core 
Cluster 2 

Samples recovered 
from the ghost core; 
contains rocks from 
all three units

14G-1A, 0–7 79.400 79.47 1 G42
14G-1A, 8–14 79.480 79.54 2 G43
14G-1A, 15–19 79.550 79.59 3 G44
14G-1A, 20–25 79.600 79.65 4 G45
17G-1A, 0–8 84.400 84.48 1 G55
17G-1A, 9–12 84.490 84.52 2 G56
22G-1A, 0–3 101.800 101.83 1 G57
22G-1A, 4–12 101.840 101.92 2 G58
24G-1A, 0–6 103.800 103.86 1 G59
24G-1A, 7–9 103.870 103.89 2 G60
24G-1A, 10–13 103.900 103.93 3 G61
24G-1A, 14–16 103.940 103.96 4 G62
24G-1A, 17–21 103.970 104.01 5 G63
24G-1A, 22–27 104.020 104.07 6 G64
25G-1A, 0–7 103.800 103.87 1 G65
25G-1A, 8–17 103.880 103.97 2 G66
25G-1A, 18–27 103.980 104.07 3 G67
25G-1A, 28–30 104.080 104.10 4 G68
25G-1A, 31–38 104.110 104.18 5 G69
25G-1A, 39–42 104.190 104.22 6 G70
25G-1A, 43–47 104.230 104.27 7 G71
25G-1A, 48–57 104.280 104.37 8 G72

Unit Description
Core, section, 
interval (cm)

Depth (mbsf)

Pieces 
Lithologic
intervalTop Bottom

Table T2 (continued).
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next page.)

ber 
f 
ains

Igneous 
domain

Domain lithology 
name

2 1 Olivine gabbro 
2 Oikocryst olivine gabbro 

2 1 Troctolite matrix 
2 Clinopyroxene oikocryst 

2 1 Olivine gabbro 
2 Orthopyroxene-bearing, 

olivine-bearing gabbro 
olivine-bearing

3 1 Troctolite 
2 Clinopyroxene oikocryst-

bearing troctolite 
3 Gabbronorite 

2 1 Olivine gabbro 
2 Clinopyroxene oikocryst 

2 1 Troctolite 
2 Clinopyroxene oikocryst-

bearing gabbro 
2 1 Troctolite 

2 Clinopyroxene oikocryst 

2 1 Troctolite 
2 Clinopyroxene oikocryst 

2 1 Troctolite 
2 Clinopyroxene oikocryst 

2 1 Olivine gabbro 
2 Clinopyroxene oikocryst 

2 1 Olivine-bearing gabbro 
2 Olivine gabbro 

2 1 Troctolite 
2 Clinopyroxene oikocryst 

2 1 Troctolite 
2 Gabbro 

2 1 Troctolite 
2 Clinopyroxene oikocryst 

2 1 Heavily altered 
chromitite 

2 Heavily altered troctolite 

2 1 Troctolite 
2 Plagioclase-rich troctolite 
Table T3. Details and explanations for thin sections with two or three domains, Hole U1415J. (Continued on 

Core, section, 
interval (cm)

Thin section 
number

Lithologic 
interval Rock name Rock comment Nature of domains Contact

Num
o

dom

345-U1415J-
3R-1W, 73–75 (Piece 14) 32 (image) 10 Clinopyroxene oikocryst-

bearing olivine gabbro
Contains two different 

lithologies
Contact between two 

lithologies
Sutured

5R-1W, 117–120 (Piece 17B) 37 (image) 24 Clinopyroxene oikocryst-
bearing troctolite

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts/Matrix Sutured

5R-1W, 138–141 (Piece 18) 38 (image) 27/28 Olivine gabbro/
Orthopyroxene-
bearing gabbro

Contact between two 
lithologic Intervals

Contact between two 
lithologic intervals

Sutured

7G-1W, 28–31 (Piece 5) 40 (image) G20 Clinopyroxene oikocryst-
bearing troctolite/
Gabbronorite

Contact between 
troctolite and 
gabbronorite; 
clinopyroxene 
oikocryst-bearing

7G-1W, 35–38 (Piece 6) 41 (image) G22 Clinopyroxene oikocryst-
bearing olivine gabbro

Contains a 2 cm 
elongated 
clinopyroxene 
oikocryst

Oikocrysts/Matrix Sutured

7G-1W, 91–94 (Piece 14) 42 (image) G30 Troctolite/Clinopyroxene 
oikocryst-bearing 
gabbro

Contains two different 
lithologies

Contact between two 
lithologies

Sutured

7G-1W, 55–56 (Piece 8) 45 (image) G24 Clinopyroxene oikocryst-
bearing olivine gabbro

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts/Matrix

8R-1W, 34–37 (Piece 7) 46 (image) 37 Clinopyroxene oikocryst-
bearing troctolite

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts/Matrix Sutured

8R-1W, 73–76 (Piece 13) 47 (image) 38 Clinopyroxene oikocryst-
bearing troctolite

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts /Matrix Sutured

8R-2W, 79–82 (Piece 8) 51 (image) 41 Clinopyroxene oikocryst-
bearing olivine 
gabbro, 

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts/Matrix Sutured

8R-2W, 112–115 (Piece 9) 52 (image) 42/43 Olivine-bearing gabbro/
Olivine gabbro

Contact between two 
lithological intervals

Contact between two 
lithologic intervals

Sutured

8R-3W, 26–29 (Piece 5) 53 (image) 47 Clinopyroxene oikocryst-
bearing troctolite

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts/Matrix Sutured

10R-1W, 53–55 (Piece 6B) 58 (image) 58 Contact between 
troctolite and gabbro

Rock contains two 
different lithologies; 
moderately altered

Two lithologies Gradational

15G-1W, 46–49 (Piece 6) 69 (image) G51 Clinopyroxene oikocryst-
bearing troctolite

Oikocryst and matrix 
were described as two 
different domains

Oikocrysts/Matrix Sutured

18R-1W, 67–69 (Piece 9) 71 (image) 71 Completely altered 
chromitite

Protolith was probably 
chomitite/dunite/
troctolite association; 
some grains of 
chromian spinel 
preserved

Two lithologies Sutured

18R-1W, 141–143 (Piece 17B) 72 (image) 73 Troctolite Contains a layer richer in 
plagioclase

Modal and grain size Sutured



K
.M

. G
illis et al.

H
o

le U
1415J

Proc. IO
D

P | V
olum

e 345
150

thin section description, Hole U1415J.

 
ct

Two or more lithologies Tectonic 2 1 Basalt 
2 Cataclasite 

nt Two lithologies Tectonic 2 1 Olivine gabbro 
2 Basalt 

sible
3 1 Cataclasite 

2 Cataclasite 
3 Cataclasite 

 
two 

Oikocrysts/Matrix Sutured 2 1 Troctolite 
2 Clinopyroxene oikocryst 

 in Two or more lithologies Sutured 2 1 Olivine gabbro 
2 Olivine-bearing gabbro 

ntact lithology Contact type Contact definition

opyroxene-bearing gabbro/ Modal and grain size Sutured/Sharp

ikocryst-bearing troctolite/ Modal and grain size Sutured/Sharp

 troctolite/Troctolite Modal and grain size Sutured/Sharp
livine-bearing gabbro Modal and grain size Sutured/Sharp
abbro Modal and grain size Sutured/Sharp
 gabbro Modal and grain size Sutured/Gradational
olite/Troctolite Modal and grain size Sutured/Sharp
abbro/Gabbro Modal Sutured/Sharp

Nature of domains Contact

Number 
of 

domains
Igneous 
domain

Domain lithology 
name
Table T4. Summary of igneous contacts of rocks based on macroscopic and 

19R-1W, 64–67 (Piece 10) 74 (image) 75 Cataclasite with basaltic 
fragment

Eventually tectonized
gabbro/dike conta

21R-1W, 103–107 (Piece 14) 79 (image) 79 Cataclasite mainly 
consisting of olivine 
gabbro

With basaltic fragme

23R-1W, 52–53 (Piece 8) 83 (image) 86 Cataclasite with 
fragments of gabbro

Primary mode 
estimation not pos

25G-1W, 11–15 (Piece 2) 84 (image) G66 Oikocryst gabbro Oikocryst and matrix
were described as 
different domains

25G-1W, 32–35 (Piece 5) 85 (image) G69 Olivine gabbro With a domain poor
olivine

Unit
Core, section,
interval (cm)

Thin section 
number

Lithologic 
interval Co

345-U1415J-
II 5R-1, 129–143 (Piece 18) 38 27/28 Olivine- and orth

Troctolite
Ghost 1 7G-1, 26–34 (Piece 5) 40 G20/G21 Clinopyroxene o

Gabbronorite
7G-1, 91–94 (Piece 14) 42 G30 Oikocryst-bearing

II 8R-2, 105–122 (Piece 9) 52 42/43 Olivine gabbro/O
8R-3, 31–41 (Piece 7) 54 48 Gabbro/Olivine g

III 10R-1, 39–55 (Piece 6B) 58 58/59 Troctolite/Olivine
18R-1, 141–146 (Piece 17B) 72 72 Olivine-rich troct

Ghost 2 25G-1, 30–38 (Piece 5) 85 G69 Olivine-bearing g

Core, section, 
interval (cm)

Thin section 
number

Lithologic 
interval Rock name Rock comment

Table T3 (continued).
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condary 
agioclase 

(%)
Zeolite 

(%)
Carbonate 

(%)

36 3 —
9 5 1
6 26 —
4 3 <1
6 4 <1

Zeolite 
(%)

Carbonate 
(%)

1 —
2 <1

11 —
1 <1
3 <1
Table T5. Background alteration modes observed in thin section. 

Olivine alteration relative proportions

Unit
Number of 

samples
Igneous 
mode

Alteration 
(%)

Serpentine 
(%)

Clay
minerals 

(%)
Amphibole 

(%)
Talc
(%)

Chlorite 
(%)

Other
(%)

 I background 7 8 80 11 22 30 19 15 4
 II background 29 14 64 26 17 13 21 18 4
 I/II cataclastic 3 13 100 54 22 9 12 — 4
 III background 17 37 68 42 17 25 9 4 2
 III cataclastic 23 11 99 18 11 16 3 50 2

Clinopyroxene alteration relative proportions

Unit
Number of 

samples
Igneous 
mode

Alteration 
(%)

Pale 
amphibole 

(%)

Clay
minerals

(%)

Green 
amphibole 

(%)

Secondary 
clinopyroxene 

(%)
Chlorite 

(%)
Other 
(%)

 I background 7 30 20 22 — 71 — 8 —
 II background 29 28 30 68 1 22 <1 8 1
 I/II cataclastic 3 22 37 74 — 26 — — —
 III background 17 20 50 58 23 17 — 0 2
 III cataclastic 23 24 64 35 2 34 <1 24 4

Orthopyroxene alteration relative proportions

Unit
Number of 

samples
Igneous 
mode

Alteration 
(%)

Pale and 
green 

amphibole 
(%)

Talc
(%)

Chlorite
(%)

Serpentine 
(%)

Clay minerals 
(%)

Other
(%)

 I background 7 5 40 40 20 — 8 24 8
 II background 29 6 28 73 8 17 1 — —
 I/II cataclastic 3 10 90 20 — 20 20 40 —
 III background 17 1 0 — — — — — —
 III cataclastic 23 — — — — — — — —

Plagioclase alteration relative proportions

Unit
Number of 

samples
Igneous 
mode

Alteration 
(%) Amphibole

Epidote/ 
clinozoisite 

(%)
Chlorite 

(%) Clay
Prehnite

(%) Garnet

Se
pl

 I background 7 60 10 2 5 37 — 18 —
 II background 29 61 16 <1 <1 33 3 48 2
 I/II cataclastic 3 65 32 — — 29 — 39 —
 III background 17 45 48 3 3 38 — 49 <1
 III cataclastic 23 70 69 <1 8 20 4 57 <1

Overall alteration and relative proportions of alteration minerals

Unit
Number of 

samples
Alteration 

(%)
Amphibole 

(%)
Chlorite

(%)
Prehnite 

(%)

Secondary 
plagioclase 

(%)
Serpentine 

(%)
Talc
(%)

Clay
minerals

(%)

 I background 7 19 42 18 5 11 4 8 10
 II background 29 29 35 21 17 3 9 7 7
 I/II cataclastic 3 50 22 16 16 2 17 3 13
 III background 17 55 26 17 19 2 19 4 12
 III cataclastic 23 70 18 27 40 4 3 0 5
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mber
of 

ains
Alteration 
domain

Domain 
relative 

abundance 
(%) Alteration domain or feature

2 1 70 Little deformed olivine gabbro
2 30 Cataclastic olivine gabbro

2 1 40 Background
2 60 Background

2 2 70 Background
1 30 Background

2 1 50 Background
2 50 Halo

2 1 60 Background: olivine-bearing gabbro
2 40 Background: olivine gabbro

2 1 50 Background
2 50 Halo

2 1 60 Troctolite Background
2 35 Clinopyroxene oikocryst

2 1 30 Background
2 70 Background

2 1 35 Background
2 65 Halo

2 1 75 Background
2 25 Vein halo

2 1 50 Background
2 50 Halo?

2 2 40 Background
1 60 Background

2 1 10 Background
2 90 Background

2 2 30 Cataclastic zone
1 70 Background

2 1 50 Fractured less deformed than Domain 2
2 50 Zone of more localized deformation

3 1 75 Background
2 5 Band close to clinopyroxene oikocryst
3 20 Clinopyroxene oikocryst

3 2 75 Background
1 10 Cataclasite
3 15 Background
Table T6. Metamorphic domains described in thin section, Hole U1415J. 

Core, section, 
interval (cm)

Thin section 
number

Depth (mbsf)

Rock name

Nu

domTop Bottom 

345-U1415J-
3R-1W, 11–13 (Piece 4) 29 15.11 15.13 Orthopyroxene bearing olivine gabbro

7G-1W, 28–31 (Piece 5) 40 (image) 29.28 29.31 Clinopyroxene oikocryst-bearing gabbronorite
Troctolite

7G-1W, 91–94 (Piece 14) 42 (image) 29.91 29.94 Metatroctolite
Troctolite

8R-1W, 73–76 (Piece 13) 47 (image) 35.63 35.66 Clinopyroxene oikocryst-bearing olivine gabbro
Olivine gabbro

8R-2W, 112–115 (Piece 9) 52 (image) 37.49 37.52 Olivine gabbro

8R-2W, 71–74 (Piece 7C) 50 (image) 37.08 37.11 Troctolitic gabbro

10R-1W, 53–55 (Piece 6B) 58 (image) 55.83 55.85 Clinopyroxene oikocryst gabbro

12R-1W, 115–117 (Piece 15) 64 (image) 70.85 70.87 Cataclased gabbro

14G-1W, 0–4 (Piece 1) 68 (image) 37.00 37.04 Metagabbro

15G-1W, 46–49 (Piece 6) 69 (image) 37.92 37.95 Olivine gabbro

18R-1W, 141–143 (Piece 17B) 72 (image) 85.81 85.83 Metatroctolite

19R-1W, 64–67 (Piece 10) 74 (image) 89.74 89.77 Anorthositic olivine gabbro
Dike rock in altered gabbro

23R-1W, 10–12 (Piece 3) 81 (image) 101.90 101.92 Cataclastic gabbro
Sheared dolerite

23R-1W, 39–42 (Piece 7) 82 (image) 102.19 102.22 Cataclastic metagabbro
Metagabbro

23R-1W, 52–53 (Piece 8) 83 (image) 102.32 102.33 Cataclastic gabbroic rock

8R-3W, 26–29 (Piece 5) 53 (image) 38.12 38.15 Clinopyroxene oikocryst-bearing troctolite

11R-1W, 44–47 (Piece 7) 60 (image) 65.44 65.47 Dark highly altered cataclastic gabbro
Little altered cataclastic gabbro
Pale highly altered cataclastic gabbro
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iffraction of rubble, cataclasites, and vein-filling material, Hole U1415J. 

le ID

ASMAN ID (file) Timestamp 
(UTC) Comments Primary phases Secondary phasesPDF Raw UXD

65271 20859891 20859921 20859871 35:04 1–4 cm rubble Na-anorthite Quartz
67151 20859901 20859911 20859881 35:04 Pink vein-filling material Clinozoisite
71571 20906201 20906221 20906181 40:29 Cataclasite matrix Prehnite, chlorite
71581 20906191 20906211 20906171 40:27 Cataclasite matrix Prehnite, chlorite, epidote Chamosite, Na-anorthite
71591 20906241 20906251 20906231 40:33 White cataclasite rock Albite, chlorite, prehnite
75371 20930991 20931021 20930981 03:19 Vein-filling material Actinolite Tremolite (?), nimite (?), corrensite (?)
75361 20931001 20931011 20930971 03:19 Cataclasite matrix Prehnite, corrensite Clinochlor
Table T7. Results from X-ray d

Core, section, 
interval (cm) Samp

345-U1415J-
2G-1W, 0.0–13.0 OTHR45
4R-1W, 20.0–22.0 OTHR45
11R-1W, 44.0–49.0 OTHR45
12R-1W, 11.0–14.0 OTHR45
13R-1W, 26.0–28.0 OTHR45
18R-1W, 37.0–38.0 OTHR45
21R-1A, 17.0–22.0 OTHR45
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Table T8. Distribution of olivine coronae in thin section, Hole U1415J. 

Core, section, 
interval (cm)

Thin 
section 
number

Depth (mbsf)

Lithology
Corona 

(%)

Total olivine 
alteration

(%)Top Bottom

345-U1415J-
3R-1W, 11–13 (Piece 4) 29 15.11 15.13 Olivine gabbro 15 90
3R-1W, 22–24 (Piece 6) 30 15.22 15.24 Olivine gabbro 2 100
3R-1W, 45–48 (Piece 10) 31 15.45 15.48 Gabbro 15 50
3R-1W, 73–75 (Piece 14) 32 15.73 15.75 Olivine gabbro 10 80
5R-1W, 62–64 (Piece 12) 36 26.82 26.84 Clinopyroxene oikocryst-bearing 

olivine gabbro
8 40

5R-1W, 117–120 (Piece 17B) 37 27.37 27.4 Clinopyroxene oikocryst-bearing 
olivine gabbro

0 50

5R-1W, 138–141 (Piece 18) 38 27.58 27.61 Olivine gabbro 0 20
5R-2W, 60–63 (Piece 3) 39 28.235 28.265 Olivine-bearing gabbronorite 0 15
7G-1W, 28–31 (Piece 5) 40 29.28 29.31 Clinopyroxene oikocryst-bearing 

troctolite
20 40

7G-1W, 35–38 (Piece 6) 41 29.35 29.38 10 70
7G-1W, 55–56 (Piece 8) 45 29.55 29.56 Clinopyroxene oikocryst-bearing 

olivine gabbro
0 25

7G-1W, 84–87 (Piece 13) 43 29.84 29.87 Oikocryst-bearing gabbro 10 100
7G-1W, 91–94 (Piece 14) 42 29.91 29.94 Oikocryst-bearing gabbro 30 90
8R-1W, 34–37 (Piece 7) 46 35.24 35.27 Clinopyroxene oikocryst troctolite 10 100
8R-1W, 73–76 (Piece 13) 47 35.63 35.66 Oikocryst gabbro 0 70
8R-1W, 79–82 (Piece 13) 49 35.69 35.72 Oikocryst gabbro 0 40
8R-2W, 71–74 (Piece 7C) 50 37.08 37.11 Clinopyroxene oikocryst troctolite 0 100
8R-2W, 79–82 (Piece 8) 51 37.16 37.19 Clinopyroxene oikocryst troctolite 0 25
8R-2W, 112–115 (Piece 9) 52 37.49 37.52 Clinopyroxene oikocryst troctolite 0 30
8R-3W, 26–29 (Piece 5) 53 38.12 38.15 Clinopyroxene oikocryst troctolite 0 25
8R-3W, 35–38 (Piece 6) 54 38.21 38.24 Olivine gabbro 10 95
8R-3W, 83–86 (Piece 9B) 55 38.69 38.72 Olivine gabbro 0 25
8R-3W, 129–132 (Piece 14A) 57 39.15 39.18 Olivine gabbro 15 100
9R-1W, 46–49 (Piece 7) 48 45.66 45.69 Olivine-bearing gabbro 10 100
10R-1W, 53–55 (Piece 6B) 58 55.83 55.85 Troctolite 0 25
11R-1W, 22–24 (Piece 4) 59 65.22 65.24 Troctolite 0 25
12R-1W, 86–89 (Piece 12) 62 70.56 70.59 Olivine gabbro 0 100
12R-1W, 94–96 (Piece 13) 63 70.64 70.66 Olivine gabbro 5 100
12R-1W, 115–117 (Piece 15) 64 70.85 70.87 Olivine gabbro 40 100
13R-1W, 26–29 (Piece 4B) 65 74.96 74.99 Troctolite 30 100
13R-1W, 39–41 (Piece 6) 66 75.09 75.11 Troctolite 5 40
13R-1W, 53–56 (Piece 7) 67 75.23 75.26 Troctolite 10 100
15G-1W, 46–49 (Piece 6) 69 80.32 80.35 Troctolite 0 50
18R-1W, 49–52 (Piece 7) 70 84.89 84.92 Troctolite 60 100
18R-1W, 67–69 (Piece 9) 71 85.07 85.09 Chromitite 100 100
18R-1W, 141–143 (Piece 17B) 72 85.81 85.83 Troctolite 2 85
19R-1W, 18–19 (Piece 3) 73 89.28 89.29 Troctolite 2 60
19R-1W, 64–67 (Piece 10) 74 89.74 89.77 Cataclasite 5 100
21R-1W, 13–15 (Piece 3) 76 98.93 98.95 Chromitite 100 100
21R-1W, 58–59 (Piece 9) 78 99.38 99.39 Olivine gabbro 10 100
21R-1W, 103–107 (Piece 14) 79 99.83 99.87 Olivine gabbro 25 100
21R-1W, 118–121 (Piece 16) 80 99.98 100.01 Olivine gabbro 5 100
23R-1W, 39–42 (Piece 7) 82 102.19 102.22 Olivine gabbro 40 100
23R-1W, 52–53 (Piece 8) 83 102.32 102.33 Olivine gabbro 0 100
25G-1W, 11–15 (Piece 2) 84 103.91 103.95 Oikocryst gabbro 5 100
25G-1W, 32–35 (Piece 5) 85 104.12 104.15 Clinopyroxene oikocryst gabbro 20 40
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Table T9. Modal proportions for grain mounts, Hole U1415J.

Igneous mode is estimated according to the following formula: plagioclase = plagioclase + secondary plagioclase + zeolite + prehnite + (cataclas-
ite + bruised grains) × 0.7 + chlorite × 0.8 + epidote + carbonate; pyroxene (includes some orthopyroxene) = pyroxene + amphibole after pyrox-
ene + (cataclasite + bruised grains) × 0.3; olivine = olivine + clay minerals + serpentine + polycrystalline amphibole + chlorite × 0.2. TS = thin
section.

Mineral

345-U1415J-2G-Sand, TS 27 345-U1415J-2G-Sand, TS 28

Mean 
mode

Modal
(%)

Reconstructed 
igneous mode

Modal 
(%)

Reconstructed 
igneous mode

Plagioclase 23.8 57.1 27.6 63.1 25.7
Pyroxene 13.0 31.6 10.3 25.1 11.7
Amphibole after pyroxene 14.7 10.1 12.4
Polycrystalline amphibole 3.5 3.1 3.3
Secondary plagioclase 8.7 7.8 8.2
Zeolite (including veins and plagioclase replacement) 2.9 3.7 3.3
Cataclasite 8.5 11.1 9.8
Bruised grain of plagioclase or pyroxene 0.0 0.2 0.1
Prehnite vein/Prehnite replacing cataclasite 1.7 1.7 1.7
Prehnite replacing plagioclase 2.9 2.3 2.6
Chlorite 8.7 9.3 9.0
Olivine 0.2 11.3 0.6 11.8 0.4
Clay 5.4 5.2 5.3
Epidote 1.7 1.2 1.4
Carbonate 0.2 0.2 0.2
Serpentine 0.0 0.4 0.2
Volcanic clasts 4.1 5.2 4.7

0.0
Cataclastic (excluding volcanics, including prehnite 

replacing cataclasite)
10.6 13.7 12.2

Altered phases 52.5 47.5 50.0
Prehnite 4.6 4.1 4.3
Proc. IODP | Volume 345 155
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etization. F = free, A = anchored. MAD = max-

onent analysis

odel
MAD

(°)
Declination

(°)
Inclination

(°)
Intensity 

(A/m)

3.4 351.3 –84.1 1.80E–03
2.9 90 –62 4.00E–03
6.4 248.9 46.2 6.00E–04

13.6 299.7 –36.1 1.06E–02
5.9 74.3 34.6 5.30E–03
5.6 215.6 29.7 2.77E–01
0.8 215.7 14.3 5.45E–01
3.9 145 12.1 7.22E–01
4.6 168.5 26 1.11E+00
5 83.9 –79.5 4.18E–02
7.1 128.5 14.4 1.47E–01
3.8 127.6 0.6 2.03E–01
2.7 16.2 –19.1 4.59E–01
4.9 23.2 –41.7 3.29E–01
4.2 206.3 –79.5 9.56E–02
7.2 240 –12 9.98E–02
4.5 251.1 –41.8 4.11E–01
4.6 235 50.3 1.85E–02
3.4 182.8 –68.9 5.30E+00
9.8 268.3 –69 5.80E–03
2 11.8 49.9 3.66E–02
4 168.4 –59.2 6.05E–02
2.3 127.5 –73.5 6.41E–02
5.1 32.3 –36.2 7.19E–01

6.9 124.4 34.9 4.06E+00
2.2 124.3 23 5.54E+00

12.1 203.2 77.9 2.03E–01
3.4 224.8 55.3 3.06E–01
8.3 16.4 –17.1 8.19E–01
2.5 60.4 –52.7 1.33E+00
4.4 259.2 –38.2 1.08E+00
1.7 287.8 –58.5 7.39E–01

16.8 303.6 –59.6 1.30E–03
12 91.5 –55.5 8.00E–04

4.6 133.3 –58.3 1.94E–03
11.8 219.3 –36.7 9.00E–04

7.4 290.7 –40.4 2.20E–03
6.4 296.4 –31.5 1.20E–03
0.8 134.9 0.4 1.09E–02
4.8 311.1 –13.9 4.60E–03

12.7 244 –50.3 2.70E–03
1.4 143.5 –17.1 1.60E–02
3.8 323.1 13.9 7.00E–04
Table T10. Discrete sample remanence data, Hole U1415J. 

NRM = natural remanent magnetization, LTD = low-temperature demagnetization, Th = thermal demagnetization, AF = alternating field demagn
imum angular deviation.

Core, section, 
interval (cm)

Depth 
(mbsf) Lithology

NRM Principal comp

Declination
(°)

Inclination
(°)

Intensity 
(A/m) Treatment Low High

n 
points Origin m

345-U1415J-
3R-1, 26 15.26 Olivine-bearing gabbro 175.7 –80.1 4.59E–03 LTD/Th 250 425 5 F

425 510 5 F
520 560 5 A

5R-1, 122 27.42 Olivine-bearing gabbronorite 281.9 –13.4 2.31E–02 LTD/Th 350 510 7 F
530 570 5 F

5R-1, 130 27.50 Olivine-bearing gabbro 211.4 18.9 2.19E+00 LTD/Th LTD2 550 17 F
550 590 5 F

5R-2, 19 27.83 Olivine-bearing gabbronorite 138.2 22.5 1.52E+00 LTD/Th LTD2 590 21 F
5R-2, 35 27.99 Olivine-bearing gabbronorite 172 18.7 1.55E+00 LTD/Th LTD1 590 22 F
5R-2, 58 28.22 Olivine-bearing gabbronorite 78.1 –44.6 6.94E–02 AF 15 35 5 F
5R-2, 61 28.25 Olivine-bearing gabbronorite 130.9 11.6 5.88E–01 LTD/Th LTD2 550 17 F

550 580 4 F
8R-1, 80 35.70 Oikocryst gabbro 16 –28.9 9.63E–01 Th 150 530 10 F

530 580 6 F
8R-1, 84 35.74 Oikocryst gabbro 238.7 68.5 1.09E–01 LTD/Th 520 580 7 F
8R-2, 81 37.18 Clinopyroxene oikocryst-bearing troctolite 249.8 –16.8 8.85E–01 LTD/Th LTD2 450 10 F

450 580 11 F
8R-3, 68 38.54 Olivine-bearing gabbro 235.4 45.9 2.50E–02 LTD/Th LTD1 300 7 F
8R-3, 84 38.70 Clinopyroxene oikocryst-bearing troctolite 177.5 –60.4 8.66E+00 LTD/Th LTD1 580 21 F
8R-3, 113 38.99 Olivine-bearing gabbro 349.6 43.4 3.72E–02 LTD/Th LTD2 475 11 F

475 580 10 F
9R-1, 47 45.67 Olivine-bearing gabbro 147 –63.2 1.58E–01 LTD/Th 100 450 9 F

450 510 4 F
10R-1, 42 55.72 Troctolite 51.7 –30.2 1.16E+00 LTD/Th LTD1 590 22 F
12R-1, 108 70.78 Olivine gabbro 0 55.6 1.26E–03 LTD/Th No pick
13R-1, 28 74.98 Highly altered troctolite 94 26.8 4.96E–04 LTD/Th No pick
13R-1, 42 75.12 Troctolite 119.5 34.2 1.85E+01 LTD/Th LTD1 540 17 F

540 590 6 F
15G1, 15 37.15 Clinopyroxene oikocryst-bearing troctolite 221.9 62.9 5.10E–01 LTD/Th LTD1 550 17 F

550 580 4 F
18R-1, 144 85.84 Troctolite 114.4 7.1 2.41E+00 LTD/Th LTD2 510 13 F

510 580 8 F
19R-1, 17 89.27 Troctolite 261.3 –48.4 2.97E+00 LTD/Th 400 560 11 F

560 580 3 F
21R-1, 57 99.37 Olivine gabbro 306.7 –52 2.69E–03 LTD/Th LTD1 540 17 F
21R-1, 118 99.98 Olivine gabbro 250.2 –79 1.78E–03 LTD/Th 100 450 9 F
21R-1, 120 100.00 Olivine gabbro 123.7 –26.4 1.80E–03 AF 10 80 12 F
21R-2, 27 100.39 Olivine gabbro 264.4 –35.6 4.56E–03 LTD/Th LTD2 350 7 F

350 560 12 A
23R-1, 22 102.02 Olivine gabbro 154.8 –35.1 3.19E–03 LTD/Th 100 350 6 F

450 510 4 F
510 560 6 F

23R-1, 51 102.31 Olivine gabbro 150.2 –25.9 1.58E–02 LTD/Th NRM 450 12 F
450 520 5 F
520 540 3 F
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Intermediate Minimum Corrected 
anisotropy

degree
Shape 

parameter
Declination

(°)
Inclination

(°) Eigenvalue
Declination

(°)
Inclination

(°)

205.9 5.9 0.3263 108.1 52.5 1.04 0.452
314.6 3.2 0.3190 52.3 67.7 1.08 0.452

63.4 7.1 0.2740 321.2 59.4 1.40 0.511
57.4 24.7 0.2980 303.5 41.3 1.23 0.238

45.4 16.7 0.2847 302.7 36.4 1.33 0.204

43.2 10 0.2923 304 42.3 1.26 0.357

56.4 15 0.2920 311 44.7 1.26 0.356

43.7 8.9 0.2999 300 56.5 1.21 0.254
52.1 17.3 0.3019 297.3 53.4 1.21 0.035
77.8 17.5 0.2950 330.8 42.8 1.25 0.272

286.1 27.1 0.3294 171.1 39.6 1.02 0.293
52.8 21.2 0.3025 290.5 54.1 1.21 –0.039

6.3 21.3 0.3223 243.9 54 1.06 0.473
202.5 9.1 0.3234 108.3 24.5 1.06 0.088
208.4 29.1 0.3223 114.8 6.3 1.08 –0.333
171.6 10.5 0.3314 318.3 77.5 1.01 –0.136

11.2 3.4 0.3322 279.5 26.7 1.01 –0.607
345.9 1.4 0.2922 254.5 44.6 1.25 0.566

15.3 10.1 0.2960 282.1 17.7 1.24 0.265

285.3 26.2 0.3233 125.1 62.4 1.08 –0.495
179.8 4.4 0.3083 273.5 41 1.15 0.220
346.6 6.9 0.3298 253 27 1.02 0.523
342.8 6.4 0.3298 74.1 11.6 1.02 –0.032
299.1 13.1 0.3299 31.6 10.7 1.02 –0.200
300.1 3.1 0.3296 209.3 13 1.02 0.084
230.7 42.4 0.3301 94.9 38.1 1.02 0.312
12.7 24.6 0.3291 261.1 38.8 1.03 0.142
Table T11. Anisotropy of magnetic susceptibility data, Hole U1415J. 

Core, section, 
interval (cm)

Depth 
(mbsf) Lithology

Susceptibility 
(SI)

Maximum

Eigenvalue
Declination

(°)
Inclination

(°) Eigenvalue

345-U1415J-
3R-1, 26 15.26 Olivine-bearing gabbro 2.30E–04 0.3386 300.3 36.9 0.3352
5R-1, 122 27.42 Olivine-bearing 

gabbronorite 
5.89E–04 0.3441 223.3 22 0.3370

5R-1, 130 27.50 Olivine-bearing gabbro 6.14E–03 0.3772 157.4 29.6 0.3488
5R-2, 19 27.83 Olivine-bearing 

gabbronorite 
3.42E–03 0.3645 169 38.6 0.3375

5R-2, 35 27.99 Olivine-bearing 
gabbronorite 

3.18E–03 0.3778 155.4 48.8 0.3375

5R-2, 58 28.22 Olivine-bearing 
gabbronorite 

2.32E–03 0.3667 143.8 46 0.3409

5R-2, 61 28.25 Olivine-bearing 
gabbronorite 

2.31E–03 0.3670 160.1 41.4 0.3410

8R-1, 80 35.70 Oikocryst gabbro 3.14E–03 0.3624 139.3 32 0.3377
8R-1, 84 35.74 Oikocryst gabbro 3.23E–03 0.3650 152.9 31.2 0.3331
8R-2, 81 37.18 Clinopyroxene oikocryst-

bearing troctolite
4.05E–03 0.3664 184.3 42 0.3386

8R-3, 68 38.54 Olivine-bearing gabbro 1.59E–04 0.3366 40.1 38.4 0.3340
8R-3, 84 38.70 Clinopyroxene oikocryst-

bearing troctolite
1.62E–02 0.3660 154.5 27.5 0.3315

8R-3, 113 38.99 Olivine-bearing gabbro 3.15E–04 0.3414 108 27.6 0.3363
9R-1, 47 45.67 Olivine-bearing gabbro 7.59E–04 0.3428 311.4 63.7 0.3338
10R-1, 42 55.72 Troctolite 4.27E–03 0.3472 13.7 60.1 0.3304
12R-1, 108 70.78 Olivine gabbro 2.17E–04 0.3354 80.3 6.7 0.3331
13R-1, 28 74.98 Highly altered troctolite 1.26E–04 0.3350 107.9 63.1 0.3328
13R-1, 42 75.12 Troctolite 5.15E–02 0.3622 77.4 45.4 0.3457
15G1, 15 37.15 Clinopyroxene oikocryst-

bearing troctolite
5.10E–03 0.3656 133.7 69.4 0.3384

18R-1, 144 85.84 Troctolite 5.19E–02 0.3474 19.3 8.1 0.3292
19R-1, 17 89.27 Troctolite 3.78E–02 0.3554 84.8 48.7 0.3363
21R-1, 57 99.37 Olivine gabbro 3.16E–04 0.3358 89.7 62 0.3344
21R-1, 118 99.98 Olivine gabbro 2.73E–04 0.3370 224.7 76.7 0.3332
21R-1, 120 100.00 Olivine gabbro 2.76E–04 0.3373 159.6 73 0.3328
21R-2, 27 100.39 Olivine gabbro 2.22E–04 0.3369 43.1 76.6 0.3335
23R-1, 22 102.02 Olivine gabbro 2.61E–04 0.3360 344.6 23.9 0.3339
23R-1, 51 102.31 Olivine gabbro 2.40E–04 0.3372 126.4 41.2 0.3337
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Bulk 
density 
(g/cm³)

Grain 
density 
(g/cm³)

Porosity 
(vol%) Primary lithology

Background 
alteration

(%)
ean 
m/s)

Apparent 
anisotropy 

(%)

.16 3.2 2.88 2.90 1.3 Olivine-bearing gabbro 30–60

.44 2.3 2.95 2.97 0.9 Olivine-bearing gabbronorite 10–30

.46 2.2 2.83 2.84 0.5 Olivine-bearing gabbro 10–30

.44 2.4 2.92 2.95 1.4 Olivine-bearing gabbronorite 10–30

.50 2.2 2.88 2.89 0.6 Olivine-bearing gabbronorite 10–30

.46 3.2 2.90 2.92 1.1 Olivine-bearing gabbronorite 10–30

.59 2.4 2.91 2.92 0.5 Olivine-bearing gabbronorite 10–30

.56 3.2 2.87 2.88 0.7 Clinopyroxene oikocryst-bearing 
troctolite 

60–90

.44 3.1 2.90 2.91 0.7 Oikocryst gabbro 10–30

.50 1.6 2.87 2.88 0.4 Clinopyroxene oikocryst-bearing 
troctolite 

<10

.88 5.4 2.87 2.91 2.0 Olivine-bearing gabbro 10–30

.30 5.5 2.80 2.80 0.3 Cpx-oikocryst bearing troctolite 30–60

.12 4.1 2.90 2.93 1.8 Olivine-bearing gabbro 10–30

.06 1.0 2.95 2.99 2.1 Olivine-bearing gabbro 10–30

.60 3.3 2.85 2.85 0.2 Troctolite 10–30

.86 2.2 2.77 2.82 3.2 Olivine gabbro >90

.83 4.0 2.80 2.85 2.9 Troctolite (cataclastic) 10–30

.98 1.1 2.78 2.80 0.9 Troctolite 60–90

.84 1.1 2.67 2.71 1.9 Troctolite 30–60

.91 0.8 2.72 2.75 1.9 Troctolite 60–90

.49 1.7 2.71 2.78 4.1 Olivine gabbro 60–90

.83 4.1 2.78 2.84 3.3 Olivine gabbro 60–90

.34 2.5 2.72 2.78 3.2 Olivine gabbro 60–90

.37 4.3 2.76 2.82 3.3 Olivine gabbro 30–60

.06 3.7 2.82 2.88 3.5 Olivine gabbro 30–60

.12 2.83 2.83 2.86 1.71

.38 1.29 0.08 0.07 1.20

.60 5.51 2.95 2.99 4.10

.34 0.84 2.67 2.71 0.20
Table T12. P-wave velocity, density, and porosity measurements, Hole U1415J.

Core, section,
interval (cm)

Depth 
(mbsf)

P-wave velocity

Mean (km/s) Standard deviation (km/s) Standard deviation (%) M
(kx y z x y z x y z

345-U1415J-
3R-1W, 25–27 15.25 6.21 6.22 6.03 0.0025 0.0033 0.0266 0.04 0.05 0.44 6
5R-1W, 121–123 27.41 6.52 6.37 6.44 0.0025 0.0052 0.0322 0.04 0.08 0.50 6
5R-1W, 129–131 27.49 6.40 6.55 6.42 0.0006 0.0010 0.0030 0.01 0.02 0.05 6
5R-2W, 18–20 27.815 6.36 6.51 6.44 0.0013 0.0030 0.0052 0.02 0.05 0.08 6
5R-2W, 34–36 27.975 6.42 6.56 6.52 0.0076 0.0012 0.0106 0.12 0.02 0.16 6
5R-2W, 57–29 28.205 6.33 6.53 6.52 0.0008 0.0130 0.0084 0.01 0.20 0.13 6
5R-2W, 60–62 28.235 6.65 6.49 6.62 0.0029 0.0015 0.0049 0.04 0.02 0.07 6
7G-1W, 52–54 29.52 6.60 6.65 6.44 0.0042 0.0015 0.0096 0.06 0.02 0.15 6

8R-1W, 79–81 35.69 6.31 6.51 6.50 0.0032 0.0008 0.0005 0.05 0.01 0.01 6
8R-2W, 80–82 37.17 6.53 6.44 6.54 0.0036 0.0035 0.0014 0.06 0.05 0.02 6

8R-3W, 67–69 38.53 5.84 6.06 5.74 0.0024 0.0012 0.0008 0.04 0.02 0.01 5
8R-3W, 83–85 38.69 6.13 6.30 6.47 0.0012 0.0029 0.0014 0.02 0.05 0.02 6
8R-3W, 112–114 38.98 6.23 5.98 6.16 0.0020 0.0061 0.0024 0.03 0.10 0.04 6
9R-1W, 46–48 45.66 6.03 6.10 6.05 0.0039 0.0046 0.0031 0.06 0.08 0.05 6
10R-1W, 41–43 55.71 6.62 6.70 6.49 0.0154 0.0027 0.0031 0.23 0.04 0.05 6
12R-1W, 107–109 70.77 5.89 5.91 5.78 0.0012 0.0072 0.0023 0.02 0.12 0.04 5
13R-1W, 27–29 74.97 5.71 5.85 5.94 0.0163 0.0012 0.0021 0.29 0.02 0.04 5
13R-1W, 41–43 75.11 5.96 6.02 5.96 0.0027 0.0005 0.0005 0.04 0.01 0.01 5
18R-1W, 143–145 85.83 5.84 5.82 5.88 0.0079 0.0054 0.0017 0.14 0.09 0.03 5
19R-1W, 16–18 89.26 5.88 5.92 5.93 0.0019 0.0055 0.0017 0.03 0.09 0.03 5
21R-1W, 56–58 99.36 5.55 5.45 5.48 0.0008 0.0021 0.0052 0.01 0.04 0.09 5
21R-1W, 117–119 99.97 5.79 5.72 5.96 0.0043 0.0068 0.0008 0.07 0.12 0.01 5
21R-2W, 26–28 100.375 5.29 5.32 5.42 0.0021 0.0014 0.0008 0.04 0.03 0.02 5
23R-1W, 21–23 102.01 5.47 5.23 5.42 0.0010 0.0068 0.0012 0.02 0.13 0.02 5
23R-1W, 50–52 102.3 6.01 6.20 5.98 0.0034 0.0053 0.0109 0.06 0.09 0.18 6

Mean: 6
Standard deviation: 0

Maximum: 6
Minimum: 5
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0.43 Olivine-bearing gabbro/gabbronorite Large probe
0.47 Olivine-bearing gabbronorite Large probe
0.95 Clinopyroxene-bearing troctolite Large probe
0.34 Clinopyroxene oikocryst-bearing 

troctolite 
Large probe

2.80 Olivine-bearing gabbro Large probe
0.63 Olivine-bearing gabbro Large probe
0.51 Troctolite Large probe
0.51 Troctolite Large probe
1.37 Troctolite Large probe
0.87 Olivine gabbro Large probe
0.99 Olivine gabbro Large probe

0.90 Large probe
0.70 Large probe
2.80 Large probe
0.34 Large probe

3.50 3.6 Olivine-bearing gabbronorite Small probe (needle parallel to foliation)
2.04 Olivine-bearing gabbronorite Small probe (needle perpendicular to foliation)
3.42 0.1 Troctolite Small probe (needle parallel to foliation)
3.07 Troctolite Small probe (needle perpendicular to foliation)
Table T13. Thermal conductivity measurements, Hole U1

Core, section
Depth 
(mbsf)

Number of 
measurements

Thermal 
conductivity 
(W/[m·K])

Standar
deviatio
(W/[m·K

345-U1415J-
5R-1A (Piece 18) 27.56 10 2.183 0.009
5R-2A (Piece 2) 28.82 10 2.167 0.010
7G-1A (Piece 16) 30.18 10 2.279 0.022
8R-2A (Piece 5) 36.83 9 2.096 0.007

8R-3A (Piece 12) 39.01 9 2.497 0.070
9R-1A (Piece 7A) 45.71 10 2.634 0.016
13R-1A (Piece 6) 75.15 10 2.972 0.015
18R-1A (Piece 8) 85.03 20 4.109 0.021
18R-1A (Piece 14) 85.44 10 3.399 0.046
21R-1A (Piece 9) 99.38 10 2.270 0.020
21R-2A (Piece 3) 100.345 6 2.122 0.021

Mean: 2.612 0.023
Standard deviation: 0.642 0.019

Maximum: 4.109 0.070
Minimum: 2.096 0.007

5R-2A (Piece 2) 28.82 8 2.153 0.075
5R-2A (Piece 2) 28.82 7 2.231 0.046
18R-1A (Piece 14) 85.44 8 3.536 0.121
18R-1A (Piece 14) 85.44 6 3.541 0.109
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	Figure F7. Equigranular granular texture in olivine (Ol) gabbro, Unit III (Thin Section 63; Sample 345-U1415J- 12R-1, 95–104 cm [Piece 13]; Interval 13). A. Core close-up. B. Plane-polarized light. Cpx = clinopyroxene, Pl = plagioclase. C. Under cr...
	Figure F8. A. Boundary between olivine (Ol) gabbro (Interval 59) and troctolite (Interval 58), Unit II (Sample 345-U1415J-10R-1, 39–55 cm [Piece 6B]). B, C. Large poikilitic clinopyroxene (Cpx) that is larger than the width of the thin section and ...
	Figure F9. Olivine-bearing gabbronorite, Unit II (Sample 345-U1415J-5R-2, 41–65 cm [Piece 3]; Interval 32). A. Dry image. B. Wet image.
	Figure F10. Clinopyroxene oikocryst-bearing troctolite, Unit II (Sample 345-U1415J-8R-3, 79–91 cm [Piece 9]; Interval 49). Note the strong grain size contrast between the oikocrysts and the surrounding troctolitic matrix. A. Dry image. B. Wet image.
	Figure F11. Clinopyroxene (Cpx) oikocryst-bearing troctolite. The strongly foliated troctolite shows a single large clinopyroxene oikocryst with abundant randomly orientated subhedral to resorbed deformed to undeformed plagioclase (Pl) chadacrysts (T...
	Figure F12. Oikocryst gabbro, Unit II (Sample 345-U1415J-8R-1, 89–107 cm [Piece 14]; Interval 36). A. Dry image. B. Wet image.
	Figure F13. Troctolite, Unit III (Thin Section 66; Sample 345-U1415J-13R-1, 45–52 cm [Piece 6]; Interval 66). A. Core close-up. B. Plane-polarized light. Ol = olivine, Pl = plagioclase. C. Under crossed polars.
	Figure F14. Basaltic intervals recovered from cored intervals. A. Intervals 2–4 showing (1) aphyric basalt, (2) doleritic gabbro, and (3) olivine-bearing dolerite (Sample 345-U1415J-3R-1, 7–10 cm [Piece 3]). B. Aphyric basalt (Sample 345-U1415J-9...
	Figure F15. Basaltic intervals recovered from ghost cores (photomicrographs under crossed polars). A. Aphyric basalt (Thin Section 25; Sample 345-U1415J-2G-1, 0–4 cm [Piece 1]; Interval G1). B. Dolerite (Thin Section 26; Sample 345-U1415J-2G-1, 4...
	Figure F16. Typical pieces of rock recovered from Hole U1415J showing characteristic textural and modal differences between Unit II and III lithologies. A–C. Modal and grain size layering in Unit II (Oikocryst-Bearing Layered Gabbro Series) is para...
	Figure F17. Stratigraphic variations of modal composition and grain size of minerals in Cores 345-U1415J-5R through 26R (ghost cores not included) based on core description. a–i = packages in Figure F3. Red stars = horizons where Cr-spinel crystals...
	Figure F18. Boundary between olivine (Ol)- and orthopyroxene (Opx)-bearing gabbro and troctolite (red dashed line) (Thin Section 38; Sample 345-U1415J-5R-1, 129–143 cm [Piece 18]). Cpx = clinopyroxene, Pl = plagioclase. Boundary type = grain size a...
	Figure F19. Boundary between gabbronorite and clinopyroxene (Cpx) oikocryst-bearing troctolite (red dashed lines) (Thin Section 40; Sample 345-U1415J-7G-1, 26–34 cm [Piece 5]). Boundary type = grain size and modal; boundary definition = sutured. A....
	Figure F20. Boundary between oikocryst-bearing troctolite and troctolite (red dashed lines) (Thin Section 42; Sample 345-U1415J-7G-1, 91–94 cm [Piece 14]). Boundary type = grain size and modal; boundary definition = sutured. A. Core close-up. B. Pl...
	Figure F21. Boundary between olivine (Ol) gabbro and olivine-bearing gabbro (red dashed lines) (Thin Section 52; Sample 345-U1415J-8R-2, 105–122 cm [Piece 9]). Boundary type = grain size and modal; boundary definition = sutured. A. Core close-up. B...
	Figure F22. Boundary between gabbro and olivine (Ol) gabbro (red dashed lines) (Thin Section 54; Sample 345- U1415J-8R-3, 31–41 cm [Piece 6]). Boundary type = grain size and modal; boundary definition = sutured. A. Core close-up. B. Plane-polarized...
	Figure F23. Boundary between troctolite and olivine (Ol) gabbro (red dashed lines) (Thin Section 58; Sample 345-U1415J-10R-1, 39–55 cm [Piece 6B]). Boundary type = grain size and modal; boundary definition = gradational. A. Core close-up. B. Plane-...
	Figure F24. Boundary between olivine (Ol)-rich troctolite and troctolite (red dashed lines) (Thin Section 72; Sample 345-U1415J-18R-1, 141–146 cm [Piece 17B]). Boundary type = grain size and modal; boundary definition = sutured. A. Close-up image. ...
	Figure F25. Boundary between olivine (Ol)-bearing gabbro and gabbro (red dashed lines) (Thin Section 85; Sample 345-U1415J-25G-1, 30–38 cm [Piece 5]). Boundary type = modal; boundary definition = sutured. A. Close-up image. B. Plane-polarized light...
	Figure F26. Clinopyroxene oikocryst-bearing troctolite, Unit II. A. Sample 345-U1415J-8R-3A, 79–91 cm (Piece 9); Interval 49. B. Sketch of core section. Note the tails of clinopyroxene oikocrysts. C. Thin section image (length of section = 3.2 cm) ...
	Figure F27. Clinopyroxene (Cpx) oikocryst-bearing troctolite, Unit II (Thin Section 53; Sample 345-U1415J-8R- 3, 26–29 cm [Piece 5]; Interval 47; under crossed polars). A. Thin section image (length of section = 3.1 cm). B. A film of clinopyroxene ...
	Figure F28. Plagioclase (Pl) chadacrysts included in clinopyroxene (Cpx) oikocrysts in clinopyroxene oikocryst- bearing troctolite, Unit II (under crossed polars). Red arrows = deformation twins. A, B. Thin Section 53; Sample 345-U1415J-8R-3, 26–29...
	Figure F29. Skeletal olivine (Ol) morphology (under crossed polars). See text for details. Cpx = clinopyroxene, Pl = plagioclase. A. Thin Section 21; Sample 345-U1415J-4R-1, 35–38 cm (Piece 6). B. Thin Section 31; Sample 345-U1415J-3R-1, 45–48 cm...
	Figure F30. Skeletal olivine (Ol) (Sample 345-U1415J-11R-1, 23–28 cm [Piece 4]). A. Core close-up. Red dashed lines define the skeletal growth of olivine branches. B. Dendritic or star burst growth of olivine (Thin Section 59; under crossed polars)...
	Figure F31. Chromitite (Thin Section 71; Sample 345-U1415J-18R-1, 67–73 cm [Piece 9]). A. Core close-up. “Chr” = altered chromitite, Tro = troctolite. B. Plane-polarized light. C. Under crossed polars. D. Chromite pseudomorph with globular incl...
	Figure F32. Chromitite (Thin Section 75; Sample 345-U1415J-21R-1, 4–12 cm [Piece 2]). A. Core close-up. B. Plane-polarized light. C. Under crossed polars. D. Typical appearance of ferrite chromites (Ferr chr), which are tabular in shape. Chl = chlo...
	Figure F33. Chromitite (Thin Section 76; Sample 345-U1415J-21R-1, 12–16 cm [Piece 3]). A. Core close-up. B. Plane-polarized light. C. Under crossed polars. D. Chromite (Chr) with magnetite (Mgt) aureole.
	Figure F34. Downhole variation in alteration intensity of igneous minerals, Unit I. Cpx = clinopyroxene, Ol = olivine.
	Figure F35. Downhole alteration by mineral, Unit II. Cpx = clinopyroxene, Ol = olivine.
	Figure F36. A. Downhole alteration by mineral, Unit III. Cpx = clinopyroxene, Ol = olivine. (Continued on next page.)
	Figure F36 (continued). B. Downhole alteration by mineral, Unit III. Cpx = clinopyroxene, Ol = olivine.

	Figure F37. Typical alteration assemblage texture in Unit II showing serpentine (Srp) veins in olivine (Ol) and cracks in plagioclase (Pl) that tend to be subparallel with magmatic foliation in clinopyroxene oikocryst- bearing troctolite. Clay minera...
	Figure F38. Typical coronitic alteration of olivine, Unit II. A, B. Grain edge rimmed by a typical corona, with a rim of cryptocrystalline chlorite (Chl), tremolite (Tr), and talc (Tc) that has formed between plagioclase (Pl) and relict olivine (Ol) ...
	Figure F39. Variation in the percentage of olivine alteration and corona development observed in thin sections, Hole U1415J. Unit III olivine is somewhat more altered and has slightly more corona development than in Units I and II (see also Fig. F37).
	Figure F40. Strongly altered olivine (Ol) gabbro in which green spinel (Spl) completely surrounded by chlorite (Chl) forms a corona texture with pale green amphibole (Am). Clinozoisite (Czo) and prehnite (Prh) pseudomorphically replace plagioclase (T...
	Figure F41. Olivine-bearing gabbro in which clinopyroxene (Cpx) is partially replaced by amphibole (Am) at rims or along cleavage surfaces. Amphibole is colorless to green and bluish green, suggesting variation in chemical composition. Plagioclase (P...
	Figure F42. Brown amphibole (Am) intergrown with green amphibole replacing clinopyroxene in olivine gabbro (Thin Section 82; Sample 345-U1415J-23R-1, 39–42 cm [Piece 7]). Pl = plagioclase, Pr = prehnite. A. Plane-polarized light. B. Under crossed p...
	Figure F43. Gabbro in which orthopyroxene (Opx) is replaced by colorless and pale green amphibole (Am) along fractures and cleavage surfaces. Olivine (Ol) is completely replaced by tremolite, talc, serpentine, and clay minerals. Coronitic chlorite (C...
	Figure F44. Completely altered chromitite (Thin Section 75; Sample 345-U1415J-21R-1, 9–11 cm [Piece 4]). A, B. Chromitite with abundant chlorite (Chl) and magnetite (possibly after chromite). White boxes show locations of C and D. C, D. Amphibole (...
	Figure F45. Typical plagioclase (Pl) alteration (under crossed polars). A. Simple chlorite (Chl) veins cutting plagioclase adjacent to olivine in gabbro. Chlorite forms a rim around relict olivine that is replaced by clay minerals ± talc and amphibo...
	Figure F46. An example of relatively uncommon plagioclase alteration in troctolite (Thin Section 72; Sample 345-U1415J-18R-1, 141–143 cm [Piece 17B]). A, B. Replacement of plagioclase by prehnite (Prh), chlorite (Chl), and very fine grained garnet ...
	Figure F47. Relatively fresh plagioclase (Pl) with fine-grained prehnite (Prh)- and chlorite (Chl)-filled microcracks in gabbro cut by a perpendicular prehnite and chlorite vein (Thin Section 62; Sample 345-U1415J-12R- 1, 86–89 cm [Piece 12]; cross...
	Figure F48. Relative abundance of different vein types in the surficial rubble Unit I, Oikocryst-Bearing Layered Gabbro Series Unit II, and Troctolite Series Unit III, Hole U1415J.
	Figure F49. Typical veins. A. Prehnite vein with halo in a subcataclastic piece in oikocryst gabbro (interval 345- U1415J-5R-1, 50–59 cm). B. Deformed prehnite vein showing boudinage and a network of thin chlorite veins in a cataclastic piece of ol...
	Figure F50. Main vein types. A. Chlorite (Chl) vein with cross-fiber texture in clinopyroxene (Cpx) oikocryst- bearing troctolite (Thin Section 46; Sample 345-U1415J-8R-1, 34–37 cm [Piece 7]). B. Granular prehnite (Pr) vein with minimal reaction al...
	Figure F51. Typical vein morphologies. A, B. Several parallel zeolite veins cutting prehnite veins in gabbro (Thin Section 34; Sample 345-U1415J-4R-1, 2–5 cm [Piece 1]). C, D. Prehnite and zeolite veins on the margin of a cataclastic zone hosted in...
	Figure F52. Cataclasite (under crossed polars). A. Cataclastic gabbro with two domains (Thin Section 64; Sample 345-U1415J-12R-1, 115–117 cm [Piece 15]). Domain 1 (D1) is cataclasite with abundant prehnite clasts, some relatively coarse grained, an...
	Figure F53. Cataclasite (under crossed polars unless otherwise noted). A, B. Cataclasite matrix composed primarily of prehnite (Pr) with chlorite (Chl), clinozoisite (Czo)/epidote (Ep), and dolerite dike rock (Thin Section 81; Sample 345-U1415J-23R-1...
	Figure F54. Polydeformed cataclasite (Thin Section 60; Sample 345-U1415J-11R-1, 44–47 cm [Piece 7]). A. Cataclastic zones were tentatively assigned relative ages based on crosscutting relationships, with low numbers (e.g., C1) being older. Fragment...
	Figure F55. A small fracture in gabbro with incipient cataclasis (Thin Section 33; Sample 345-U1415J-3R-1, 74– 82 cm [Piece 10]; under crossed polars). Left lateral slip of ~100 µm has displaced plagioclase (Pl; white arrows). This displacement pr...
	Figure F56. Cataclastic zone in gabbro (between arrows labeled CC [cataclasite]) truncating all earlier structures (Thin Section 29; Sample 345-U1415J-3R-1, 11–13 cm [Piece 4]; under crossed polars). The zone contains broken angular fragments of pl...
	Figure F57. Locally foliated cataclasite after olivine gabbro (Thin Section 79; Sample 345-U1415J-21R-1, 103–107 cm [Piece 14]). Fractured plagioclase (Pl) clasts partially replaced by secondary plagioclase (2Pl) dominate the northwest portion of t...
	Figure F58. Foliated cataclasite (Thin Section 77; Sample 345-U1415J-21R-1, 17–19 cm [Piece 4]). Plagioclase (Pl) grains become increasingly fractured toward the cataclastic zone (CC) and are highly fractured within the zone. B shows the fragments ...
	Figure F59. One-wavelength gypsum plate added to a locally foliated cataclasite (Thin Section 77; Sample 345-U1415J-21R-1, 17–19 cm [Piece 4]). Polycrystalline prehnite clasts (CC1) in a cataclastic matrix (CC2) of prehnite (Pr) and chlorite are se...
	Figure F60. Core recovery in Holes U1415I and U1415J with location of magmatic layering, measured dip of magmatic foliation, location of the three lithologic units in Hole U1415J, and correlation of the upper part of Unit II with Hole U1415I. sd = st...
	Figure F61. Styles of magmatic layering and foliation, Unit II. A. Centimeter-scale modal layering with an olivine-bearing gabbronorite layer (Interval 30; 2.5–6.5 cm) between a troctolite layer (Interval 29; 0.5–2.5 cm) at the top and a second t...
	Figure F62. Magmatic foliation strength expressed as percentage of core length for entire core (0–104.55 mbsf), Units II (Sections 345-U1415J-5R-1 to 9R-1; 26.20–55.30 mbsf) and III (Sections 10R-1 to 26R-1; 55.30–104.55 mbsf).
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	Figure F71. Brittle deformation intensity (Ranks 0–5), Hole U1415J. A. Cored intervals. (Continued on next page.)
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	Figure F74. Brittle structures. A. Dense anastomosing fracturing (Rank 3; Sample 345-U1415J-21R-1, 0–13 cm [Piece 1]). B. Well-developed brecciation (Rank 4; Sample 345-U1415J-21R-1, 113–124 cm [Piece 16]). C. Cataclasite (Rank 5) with strong cat...
	Figure F75. Dips from oriented zones of brittle deformation, Hole U1415J.
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	Figure F77. Intrusive relations between basaltic dike and cataclastic deformation (Sample 345-U1415J-19R-1, 63.5–70.0 cm [Piece 10]). A. Core close-up. Yellow box shows area in B. B. Thin Section 74; Sample 345-U1415J- 19R-1, 64–67 cm (Piece 10)....
	Figure F78. Microstructural relations between dolerite and cataclasite (under crossed polars unless otherwise noted). A. Thin Section 81; Sample 345-U1415J-23R-1, 10–12 cm (Piece 3). Yellow boxes (tick marks show upward direction) indicate location...
	Figure F79. Microstructures in cataclasite (Thin Section 86; Sample 345-U1415J-26R-1, 23–25 cm [Piece 4]; under crossed polars). A. Whole thin section image. Yellow boxes (tick mark shows upward direction) indicate locations of B and C. B. Cataclas...
	Figure F80. Macroscopic character of veins, Hole U1415J. A. Irregular prehnite vein (red arrow) perpendicular to magmatic foliation typical of the upper half of Hole U1415J in Units I and II (Sample 345-U1415J-8R-1A, 88.5–106 cm [Piece 14]). B. Set...
	Figure F81. Microscopic character of veins (under crossed polars). A. Set of undeformed veins injected into serpentine (Sample 345-U1415J-19R-1, 18–19 cm [Piece 9]). V1 is filled with chlorite. Fibers grew normal to the vein wall (open crack). V2 i...
	Figure F82. Vein density expressed as percentage of core length for (A) the entire core (0–104.55 mbsf), (B) Unit II (Sections 345-U1415J-5R-1 to 9R-1; 26.2–55.3 mbsf), and (C) Unit III (Sections 345-U1415J-10R-1 to 26R-1; 55.30–104.55 mbsf).
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	Figure F87. Natural remanent magnetization (NRM) intensity for gabbroic and troctolitic rocks in Hole U1415J based on archive-half core remanence measurements.
	Figure F88. A–I. Representative examples of alternating field demagnetization of archive-half core pieces recovered from Hole U1415J. Solid circles = projection onto the horizontal plane, open circles = projection onto the vertical X–Z plane. NRM...
	Figure F89. Summary of archive-half core magnetic measurements, Hole U1415J. For inclination and intensity, open circles are natural remanent magnetization data and solid circles are principal component analysis picks. Point magnetic susceptibility w...
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	Figure F92. Normalized thermal demagnetization intensity decay curves for selected samples in Hole U1415J that have high unblocking temperature single components of magnetization.
	Figure F93. Demagnetization behavior in discrete samples in Hole U1415J that display near-antipodal components of remanence. Solid circles = projection onto the horizontal plane, open circles = projection onto the vertical Y–Z plane. NRM = natural ...
	Figure F94. Demagnetization data from thermally demagnetized discrete samples and alternating field demagnetization data from equivalent measuring points in archive-half core samples, Hole U1415J. Solid circles = projection onto the horizontal plane,...
	Figure F95. Demagnetization data from thermally demagnetized discrete samples and alternating field demagnetization data from equivalent measuring points in archive-half core samples, Hole U1415J. Solid circles = projection onto the horizontal plane,...
	Figure F96. A. Downward-directed linear components picked from alternating field demagnetization data from archive-half core samples measured on the superconducting rock magnetometer. B. High unblocking temperature components from discrete samples cu...
	Figure F97. Variation with depth of the inclination of high unblocking temperature components in discrete samples in Hole U1415J, indicating sampling of at least two blocks with independent rotation histories. See text for details. MAD = maximum angu...
	Figure F98. Natural remanent magnetization (NRM) intensity vs. low-field magnetic susceptibility of discrete and archive-half core samples, Hole U1415J. The distribution of values compared to lines of constant Q (Königsberger ratio of remanent to in...
	Figure F99. Anisotropy of low-field magnetic susceptibility (AMS) data from 21 of 27 discrete samples, Hole U1415J. Bootstrapped mean eigenvectors averaged from three separate measurements of each discrete sample are shown with 95% confidence ellipse...
	Figure F100. (A) H2O and (B) CO2 contents vs. loss on ignition (LOI) for the different rock types recovered from Hole U1415J. Compositions of samples recovered from Holes U1415E, U1415H, and U1415I are shown for comparison. Cpx = clinopyroxene.
	Figure F101. Element concentrations, Hole U1415J. Mg# = 100 × cationic Mg/(Mg + Fe) with all Fe recalculated as Fe2+, Ca# = 100 × cationic Ca/ (Ca + Na). G = sampled from ghost core obtained during hole cleaning operations in previously drilled int...
	Figure F102. A–F. Compositions of different rock types recovered from Hole U1415J vs. Mg# (100 × Mg/[Mg + Fe] with all Fe recalculated as Fe2+). For comparison, a compilation of the plutonic rock sampled along the East Pacific Rise (EPR) at Hess D...
	Figure F103. A–C. Compositions of different rock types recovered from Hole U1415J vs. TiO2. For comparison, a compilation of plutonic rocks sampled along the East Pacific Rise (EPR) at Hess Deep (Hékinian et al., 1993; Shipboard Scientific Party, ...
	Figure F104. Summary of physical property measurements, Hole U1415J. Data from ghost cores are not shown. Plotted gamma ray attenuation (GRA) density, Whole-Round Multisensor Logger (WRMSL), and Section Half Multisensor Logger (SHMSL) data are filter...
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	Figure F106. Inverse correlation of grain density with (A) background alteration and (B) olivine contents, Hole U1415J. Alteration and olivine modes were characterized macroscopically on section halves.
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	Figure F108. Inverse correlation of intensity of cataclastic deformation with (A) P-wave velocity (VP) and (B) porosity, Hole U1415J. Cataclastic deformation was characterized macroscopically on section halves (see Fig. F15 in the “Methods” chapt...
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