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Abstract

Integrated Ocean Drilling Program (IODP) Expedition 
340T returned to the 1.4-km-deep Hole U1309D at Atlantis 
Massif to carry out borehole logging including vertical seis-
mic profiling (VSP). Seismic, resistivity, and temperature 
logs were obtained throughout the geologic section in the 
footwall of this oceanic core complex. Reliable downhole 
temperature measurements throughout and the first seismic 
coverage of the 800–1400 meters below seafloor (mbsf) por-
tion of the section were obtained. Distinct changes in velo-
city, resistivity, and magnetic susceptibility characterize the 
boundaries of altered, olivine-rich troctolite intervals within 
the otherwise dominantly gabbroic se-quence. Some narrow 
fault zones also are associated with downhole resistivity or 
velocity excursions. Small deviations in temperature were 
measured in borehole fluid adjacent to known faults at 
750 mbsf and 1100 mbsf. This suggests that flow of seawater 
remains active along these zones of faulting and rock alter-
ation. Vertical seismic profile station coverage at zero offset 
now extends the full length of the hole, including the upper-
most 150 mbsf, where detachment processes are expected to 
have left their strongest imprint. Analysis of wallrock pro-

perties, together with alteration and structural character-
istics of the cores from Site U1309, highlights the likely 
interplay between lithology, structure, lithospheric hydra-
tion, and core complex evolution.

Geologic Setting and Motivation

The Atlantis Massif oceanic core complex (OCC) was 
drilled during IODP Expedition 304/305 (Blackman et al., 
2006). It formed due to spatial and temporal variability in 
magmatism and faulting within the axial zone of the 
slow-spreading Mid-Atlantic Ridge at 30°N (Cann et al., 
1997). Long-lived strain localization along select axial faults 
allowed development of a detachment zone that unroofed 
intrusive crust 0.5–1.5 Ma (Grimes et al., 2008). High frac-
ture intensity in the detachment zone enabled circulation of 
seawater (McCaig et al., 2010), and associated alteration 
included formation of low-strength minerals that enhanced 
strain localization. Geophysical studies (Blackman et al., 
2008; Canales et al., 2008; Collins et al., 2009; Blackman and 
Collins, 2010; Henig et al., 2012), seafloor mapping and 
sampling (Blackman et al., 2002; Schroeder and John, 2004; 
Boschi et al., 2006; Karson et al., 2006), and deep basement 
drilling and logging (Blackman et al., 2011; Ildefonse et al., 
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Figure 1. Atlantis Massif tectonic setting and seismic structure. [A] Bathymetric map shows plate boundary, multichannel seismic (MCS) lines (white), 
IODP Hole U1309D (black dot), and major structural components of the core complex. Corrugated domal surface marks the exposed detachment 
fault. [B] Seismic velocity models determined from MCS streamer refraction analysis (Henig et al., 2012). Symbols show basic rock types recovered 
in corresponding locations by drilling, submersible, or dredge: serpentinized peridotite (green circle), gabbro (blue diamond), basalt (red triangle).
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Logging Operations

On approach for the initial reentry of Hole U1309D during 
Exp. 340T (February 2012), we monitored the video carefully 
for possible fluid flow into/out of the well. No flow was ap-
parent, and the reentry cone had just a light sediment cover 
accrued since the end of drilling operations in 2005. Hole  
U1309D was found to be in good condition, and an initial, 
minimal-disturbance borehole fluid temperature measure-
ment was achieved on the first logging run into the borehole. 
The triple combination tool string employed for that run 
included the Modular Temperature Tool (MTT) that docu-
mented the borehole fluid temperature at centimeter-scale 
resolution. Additional temperature measurements were 
made during each subsequent logging run using a sensor  
in the logging cable head. All standard log measurements 
were recorded and are in excellent agreement with data  
from Exp. 304/305. Intervals that are out of bore or unu-
sually ragged match those recognized during the 2004–2005 
drilling. Electrical resistivity was measured with the 
High-Resolution Laterolog Array (HRLA) during Exp. 340T, 
a newer resistivity tool than that used during Exp. 304/305. 
The HRLA provides six resistivity measurements at differ-
ent depths of penetration into the wall rock, including one 
measurement of the borehole fluid.

Seismic velocity was measured during Exp. 340T through-
out the section. The 800–1400 mbsf interval that had not 
been possible to cover at the end of Exp. 305 was logged with 
the Dipole Shear Sonic Imager, which was run with a low 
frequency sequence that generated Stoneley waves in addi-
tion to compressional and shear waves. A zero-offset Vertical 

Seismic Profile (VSP) experiment was 
conducted using the JOIDES Resolution 
two-gun 250-in3 cluster as the source 
and the Versatile Seismic Imager (VSI) 
triaxial geophone as the receiver. The 
VSP was carried out during daylight 
hours over two days, in keeping with the 
marine mammal hazard mitigation plan. 
Differences in weather/ship conditions 
and problems with the VSI anchoring 
arm appear to have impacted data qual-
ity. High quality recordings were obtain-
ed during a VSP run when sea/wind 
state was calmest. The next day, most 
recordings had only fair signal-to-noise 
ratio, although initial analysis indicates 
that it will be possible to determine velo-
cities to VSI stations throughout the sec-
tion (Expedition 340T Scientists, 2012). 

A newly constructed Magnetic 
Susceptibility Sonde (MSS) was run for 
the first time in seawater during Exp. 
340T. Limits on operating temperature 

2007) all contribute to the model of how the Atlantis Massif 
OCC evolved. 

Figure 1 illustrates the structural components of the 
Atlantis Massif and the variability in shallow velocity field; a 
lack of a conventional seismic Layer 2 within the core com-
plex is evident. The domal core is capped by the corrugated, 
exposed detachment fault that unroofed the intrusive crust 
drilled at Site U1309 on the Central Dome. This gabbroic 
body has seismic velocity of 5.5–7 km s-1 and shoals to the 
seafloor in the eastern part of the central and southern por-
tions of the domal core (Henig et al., 2012). The exposed 
detachment fault bounds the high velocity gabbroic body on 
the east, dipping beneath the basaltic hanging wall blocks 
toward the axis of the Mid-Atlantic Ridge. The steeper, 
western boundary of the body may be an intrusive contact 
that was originally near horizontal, but other interpreta- 
tions are also under investigation (Harding et al., 2012). 
Paleomagnetic results indicate that at least the upper 400 m, 
and likely the full 1.4-km section, of Hole U1309D has ro-
tated a minimum of 45° counterclockwise about a horizontal 
axis that parallels the rift valley (Morris et al., 2009). Seven 
narrow fault zones (several centimeters to a few meters in 
scale) within the interval 100–1100 mbsf were documented 
within the core and by earlier logging data (Blackman et al., 
2006; Hirose and Hayman, 2008; Michibayashi et al., 2008). 
But the limited extent of these faults might imply that they 
did not dominate the development of the OCC. An eighth 
fault was identified at 1346 mbsf from logs obtained during 
Exp. 340T. However, some of these narrow intervals are 
associated with notable downhole change in degree/style of 
alteration and wallrock properties, so the implications of this 
are a subject for further investigation in 
which the Exp. 340T logs will play a 
significant role (Blackman et al., 2012).

Prior multi-channel seismic imaging 
(Canales et al., 2004) and application of  
a novel wide-angle stacking method 
(Singh et al., 2004; Masoomzadeh et al., 
2010) suggested that there is consid-
erable seismic reflectivity within the 
footwall of this oceanic core complex. 
This was somewhat surprising given  
the dominantly gabbroic section recov-
ered from Hole U1309D. The Exp. 340T 
logging program was designed to docu-
ment whether olivine-rich, highly al-
tered intervals, and/or narrow, possibly 
fluid-bearing fault zones within the for-
mation might contribute to regional 
reflectivity, thus potentially enabling use 
of the seismic sections for assessing 
former and current hydrological flow 
fields within the OCC.

Figure 2. Borehole fluid temperature in 
Hole U1309D. Solid black line shows IODP 
340T MTT measurements. Dashed gray 
line is predicted gradient at position of 
Site U1309 from 3-D model of plate-driven 
mantle flow and lithospheric cooling. The 
ridge-transform-ridge model had geometry 
and spreading rate of the study region 
(calculation of Blackman et al., 2008).
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restricted its use to the upper 750 mbsf. The data appear to 
be high quality, with intervals showing significant ex- 
cursion in measured value agreeing closely with the  
multi-sensor track record of core susceptibility obtained 
during Exp. 304/305. 

More detailed information on the logged properties, 
logging tools, and logging operations may be found in the 
IODP Exp. 340T Preliminary Report (Expedition 340T 
Scientists, 2012).

Highlighted Initial Results

Exp. 340T extended in situ seismic velocity measurement 
of intrusive oceanic crust, which typically comprises Layer 3, 
beyond one km, a depth where closure of micro-fractures 
eliminates bias associated with shallow exposure. Earlier 
work had documented gabbroic wallrock velocities to sub-
seafloor depths of 0.5–0.8 km (Itturino et al., 2002; Blackman 
et al., 2006). The new logs indicate that the little-altered 
section from 800 mbsf to 1400 mbsf at Site U1309 has a mean 

compressional velocity of 6.6 km s-1 and mean shear velocity 
of 3.7 km s-1. These averages excludes the olivine-rich 
troctolite interval at 1080–1220 mbsf that has several highly 
serpen-tinized intervals. This multimeter-scale average 
represents the inherent seismic properties of this (and likely 
most oceanic) gabbroic section. When post-processing of 
the VSP data is complete, a site average compressional velo-
city for this intrusive crustal section will be obtained that 
includes the effects of fracturing at the 100-m scale that the 
sonic log does not measure. 

The temperature at the base of Hole U1309D at 1400 mbsf 
is ~146°C. The downhole gradient (Fig. 2) is nearly linear—
just under 100°C km-1 (Expedition 340T Scientists, 2012)—
but closer examination, after removing a linear trend, shows 
some interesting downhole thermal structure. Small devia-
tions in borehole fluid temperature measured adjacent to a 
few narrow faults, documented in the core and/or Exp. 
304/305 Formation MicroScanner (FMS) images, suggest 
that seawater presently percolates through these zones.

Integration of the new log 
data with a prior geologic 
description of Hole U1309D 
core indicates that bound-
aries of highly altered 
olivine-rich troctolite inter-
vals mark distinct changes in 
seismic velocity, resistivity, 
and magnetic susceptibility 
within the gabbroic section 
(Fig. 3). There are two zones 
where olivine-rich troctolite 
occurs repeatedly through-
out an interval that is tens of 
meters thick: 310–350 mbsf 
and 1080–1220 mbsf. Other 
ultramafic intervals are tens 
of centimeters to ~3 m thick, 
with dunite and harz- 
burgite only recovered above 
224 mbsf. A fault zone at 
750 mbsf (Michibayashi et al., 
2008) is also associated with a 
significant local drop in seis-
mic velocity, and below it re-
sistivity increases rapidly. 
This is one of the faults where 
a small deviation in borehole 
fluid temperature was con- 
firmed during Exp. 340T, and 
another occurs at ~1100 mbsf. 
Both these faults were docu-
mented by deformation struc-
tures in core samples and by 
fault gouge. The ~1100 mbsf 
fault and another newly identi-

Figure 3. Downhole logs for IODP Hole U1309D. Lithology of core with white showing percent unrecovered 
core. Overall alteration based on Exp. 304/305 visual core description of individual core pieces. Borehole 
resistivity shows rapid change at ~350 mbsf, 750 mbsf, and 1080 mbsf. Borehole velocity, filtered with a 
10-m running boxcar average. Detail of magnetic susceptibility from Exp. 340T logs (in uncalibrated units) 
and Exp. 304/305 core (25-pt running average), with detailed lithology, from 200 mbsf to 400 mbsf.
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on gravity signature and ridge flank morphology, Mid-

Atlantic Ridge 30°N. Geochem. Geophys. Geosyst., 9:Q06007. 

doi:10.1029/2008GC001951 

Blackman, D. K., Karson, J. A., Kelley, D. S., Cann, J. R., Früh-Green, 

G. L., Gee, J. S., Hurst, S., et al., 2002. Geology of the 

Atlantis Massif (Mid-Atlantic Ridge, 30°N): Implications 

for the evolution of an ultramafic oceanic core complex. 

Mar. Geophys. Res., 23(5–6):443–469. doi:10.1023/B:MARI. 

0000018232.14085.75
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faulting and development of an oceanic core complex, 

Atlantis Massif (MAR 30°N). Geochem. Geophys. Geosyst., 

7(1):Q01004. doi:10.1029/2005GC001074

Canales, J. P., Tucholke, B. E., and Collins, J. A., 2004. Seismic reflec-

tion imaging of an oceanic detachment fault: Atlantis 

megamullion (Mid-Atlantic Ridge, 30°10' N). Earth Planet. 

Sci. Lett., 222(2):543–560. doi:10.1016/j.epsl.2004.02.023

Canales, J. P., Tucholke, B. E., Xu, M., Collins, J. A., and Dubois, D. L., 

2008. Seismic evidence for large-scale compositional het-

erogeneity of oceanic core complexes. Geochem. Geophys. 

Geosyst., 9(8):Q08002. doi:10.1029/2008GC002009

fied narrow fault zone at ~1345 mbsf have sharp-
ly distinct seismic properties that cause reflec-
tion of the borehole Stoneley wave (Fig. 4). 

The thickness of the lower velocity interval 
associated with the altered olivine-rich troctolite 
zone at 1080–1220 mbsf is sufficient that, if later-
ally extensive, would be detectable within regio-
nal, far-field seismic data. Compressional veloci-
ties are 0.5–1 km s-1 lower than the surrounding 
rock. Similarly, the olivine-rich troctolite inter-
val at 310–350 mbsf has velocity notably lower 
than adjacent rock. Much of the section shallo-
wer than 350 mbsf is highly altered, so it is pos-
sible that structure or processes associated with 
the base of this olivine-rich troctolite zone are 
more relevant in controlling seismic proper- 
ties than alteration within the zone itself. 
Nevertheless, there is a distinct drop of over 
0.5 km s-1 at 310 mbsf, the top of the zone, and an 
increase of ~1 km s-1 below the base. The seismic 
velocity of the moderately altered section at 
350–750 mbsf varies modestly around a value of 
~6 km s-1. As noted above, the little-altered sec-
tion deeper than 800 mbsf has an average velo-
city of 6.6 km s-1, with a maximum discrete velo-
city of ~6.8 km s-1. Primary lithology would 
dictate that the highest velocities accompany the 
olivine-rich intervals, but we find that alteration 
plays the dominant role in determining present-
day seismic velocity in the upper kilometer and a 
half of the domal core at Atlantis Massif. 
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