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FIGURE CAPTIONS

Cover. One of the most beautiful vent sites on the 1998 lava flow is at marker N3. The large diffuse vent area is
covered with a blue mat made of small single-celled organisms called ciliates. We have never seen such an
extensive carpet of this unusual blue mat anywhere else in the world!

Figure 1. NeMO’06 Shipboard operations including instrument deployments and CTD casts at Axial. Ocean
Bottom Hydrophone (OBH) and QUEphone deployments in 2006, as well as Bottom Pressure Recorders (BPRS)
already on the seafloor are indicated. OBH moorings deployed in 2006 are represented by the blue stars and
QUEphone deployment and re-surface positions are indicated by the X marks.

Plate 1 ROPOS Operations at Endeavour (Mothra and MEF), 2006

a) [R1008 at 0209:29] RAS (Remote Access Sampler) before recovery from the base of “The Tower” chimney on
the east side of “Faulty Towers” complex. The RAS was deployed for one year, sampling water every 6 days
from 9/20/2005 to 7/24/2006.

b) [R1008 at 0456:10] Fluid sampling at the 2005 Hot Harold RAS intake site, Mothra Vent Field. Very diffuse
flow supports a variety of biota including a vent fish, pale tubeworms, pycnogonids, and various bivalves.

c) [R1008 at 0545:48] The top of Hot Harold (Mothra Vent Field) just prior to fluid sampling.

d) [R1009 at 2102:30] The 2005 RAS intake site at Hot Harold, Main Endeavour Field (MEF).

e) [R1009 at 2117:16] This RAS, deployed in 2005 at SW Hulk MEF, was covered in white, filamentous bacterial
mat prior to recovery. The RAS was deployed for one year, sampling water every 6 days from 9/20/2005 to
7/24/2006.

f) [R1009 at 0244:19] 2006 RAS after deployment at SW Hulk, MEF.

g) [R1009 at 0536:37] Crab beneath a flange on S&M sulfide chimney, MEF.

h) [R1009 at 0806:06] University of Victoria sediment trap on the bottom before attempted recovery. The trap
was deployed for 3 years at the MEF. During the ROPOS ascent the trap fell out of the claw and was lost.

Plate 2 ROPOS Operations at Axial, NeMO’06

a) [R1010 at 1759:03] The NeMO Net buoy mooring line on the bottom at the caldera center. The release was on
its side and recovered at the end of dive R1013. The buoy was not found.

b) [R1010 at 2258:39] Pressure measurement at Magnesia benchmark 1. The pressure dive was a new record for
ROPOS wet time (> 53 hours), although just a little over 25 hours was spent on the bottom and the rest in transit
between pressure measurements.

c) [R1014 at 2047:09] The diffuse vent site at marker 113 is located within and on top of the edge of an extensive
collapse area. The brightest white areas are covered with microbial mat. The surrounding areas are colonized by
tubeworms, limpets, snails, and other vent biota.

d) [R1011 at 2347:56] A long-term vent fluid sampler was deployed at marker 33 vent site on dive R1011. The
RAS contains 48 individual sample bottles and the white dome on the seafloor houses the fluid intake nozzle and
temperature probe.

e) [R1012 at 2025:10] A view of an unusual, twisted lava pillar from the 1998 lava flow with drip formations off
the pillar rind.

f) [R1011 at 2027:38] The “missing” rumbleometer at Axial, located during the NeMQO’04 cruise and recovered
during the NeMO’06 cruise on dive R1012.

g) [R1013 at 1829:47] Mushroom sulfide chimney at ASHES vent field is covered in dense biota including tube
worms, blue mat and palm worms. The chimney was sampled for vent fluids, gas and blue mat during dive
R1013.



h) [R1013 at 1921:16] The top of Inferno black smoker sulfide chimney at ASHES. The chimney is covered in
lush biota. It was sampled for vent fluids and gas during dive R1013.

Plate 3: The International District at Axial, NeMO’06

a) [R1014 at 2241:36] The top of Castle sulfide chimney on older lava just east of the 98 lava flow. Castle isa
large, active sulfide chimney that has been a time-series study site at Axial for many years. Castle stands over 8
meters tall with the base at ~1521.5m and the top at ~1513m

b) [R1014-at 2253] The base of Flat Top sulfide chimney, just east of Castle. Flattop is an active sulfide that
stands ~7 meters high with the base at ~1518m and the top at 1511m. Flat Top has also been part of the time-
series sampling at Axial.

c) [R1014 at 2300.46] 9 meter chimney newly discovered during the NeMO’06 cruise, with the assistance of the
MBARI AUV high-resolution bathymetry. The chimney is active and covered in dense biota, standing 9 meters
high (as the name indicates). The top of the chimney is at ~1517 meters.

d) [R1014 at 0019.05] Diva anhydrite chimney was discovered on a “wishbone-like” ridge slightly east of the
sulfides. A healthy biological community lives near the base of the anhydrite and includes tube worms and blue
mat.

e) [R1014 at 0127:10] Escargot sulfide chimney was also discovered on the “wishbone” to the west of Diva. The
chimney was visible on the MBARI AUV bathymetry. The chimney, named “Escargot” because the top looks
like a snail, is active and covered in dense biota including tubeworms and blue mat. It stands ~9 meters tall with
the top at 1516.5 meters.

) [R1014 at 0132.49] Hermosa sulfide chimney was discovered to the east of the 9 meter chimney. The
ch8imney was named “Hermosa” because from some angles the top looks like a beautiful woman’s profile. There
was no good fix on the height of the chimney, but it is large like the other sulfides discovered on dive R1014 with
the assistance of the MBARI AUV bathymetry.

) [R1014 at 2307.43] El Guapo is the largest sulfide chimney yet discovered at Axial, approximately 13 meters
tall whose top is at ~1503 m. El Guapo is a black smoker with numerous beehives coming out the top and dense
biota covering large portions of the chimney.

g) [R1014 at 2331.42] The top of EI Guapo chimney during HFS sampling. Notice the beehives with black
smoke pouring out. ROPOS is holding on to the chimney to steadying itself during sampling. HFS recorded
temperatures of 338.7 °C while sampling.

Plate 4: Newly Discovered Diffuse Venting at Axial, NeMO’06

a) [R1011 at 1640:54] Forum vent SE of Magnesia, an area of diffuse venting in a lava pillar setting. Pillars in the
background are coated with limpets and possibly snails. Tubeworms thrive in the diffuse flow. Image is several
meters across.

b) [R1011 at 1649:36] Close-up view of Forum vent fauna including: tube worms, palm worms, scale worms,
pycnogonids, limpets, blue mat, and shails. Tmax was > 92°C while water sampling. Image ~1 m across.

c) [R1011 at 1745:49] “Little diffuse vents” discovered on dive R1011, SE of Magnesia and Forum while
traveling to Mkr-N3. Healthy tubeworm bush in the diffuse flow. Image ~ 1m across.

d) [R1012 at 2243:47] Zen Garden, a fairly large area of diffuse venting on the younger lobate flow and pillars on
the eastern edge of the 98 flow, north of Nascent and Old Flow. Healthy tubeworms coated in bacterial mat
dangle from the top of a pillar. Image ~2 m across.

e) [R1012 at 2031:08] Chemo clams, an area where chemosynthetic clams are aligned in cracks in the sheet flow
west of Mkr-33 Vent. Image > 3m across.

) ([R1012 at 2032:11] Chemo clams close-up of live clams and stunted tubeworms lie in the iron oxide sediments
along cracks in the sheet flow.

g) [R1012 at 2141:13] Pillar east of Mkr-33. Several pillars north and east of Mkr-33 were discovered with
diffuse venting. Vent fauna observed included tubeworms and blue mat.

h) [R1014 at 2041:12] “New” venting area discovered on dive R1014, ~140 m south of Mkr-113. Large area of
diffuse, high-volume, venting with healthy fauna including tube worms, clams, limpets, and mat. Image ~2 m
across in foreground.



Figure 2. a) Spectrogram of QUEphone acoustic data. At approximately 3.5ks, low frequency T-phase energy
(yellow vertical line) was detected. b) QUEphone at the surface waiting for recovery. R/V Thompson is in
background about 1.5 km away.

Figure 3. MBARI AUV surveys at Axial during the NeMO’06 cruise produced the highest resolution bathymetry
maps yet created at Axial. Six surveys were conducted, but the first survey (not shown on map) collected very
little data as that was when the AUV veered off course. The bathymetry data assisted in locating lava collapse
and pillar areas on traverses across the *98 flow, as well as assisting in the discovery of sulfide chimneys on
ROPOS dive R1014.

Figure 4. Northern area of the MBARI AUV surveys at Axial during the NeMO’06 cruise. Data are shaded with
a slope-gradient file(the darker the shading the higher the slope value). Data resolution is 0.5 meters. Slope
gradient tiff files created by Jenny Paduan, MBARI.

Figure 5. Southern area of the MBARI AUV surveys at Axial during NeMQO’06 cruise. Data are shaded with a
slope-gradient file (the darker the shading the higher the slope value). Data resolution is 0.5 meters. Slope
gradient tiff files created by Jenny Paduan, MBARI.

Figure 6. MBARI AUV bathymetry data featuring an area of pillars, collapsed and uncollapsed lava flow
surfaces on the "98 lava flow. Map created by Jenny Paduan, MBARI.

Figure 7. MBARI AUV bathymetry data featuring an area of sulfide chimneys on the eastern edge of the "98
flow. Several chimneys were discovered with the aid of the high resolution bathymetry. The area of large
sulfides (in the vicinity of Castle) has been dubbed the International District. Map created by Jenny Paduan,
MBARI.

Figure 8. MBARI AUV bathymetry featuring an area of lava drainage channels and fissures. Map created by
Jenny Paduan, MBARI.

Figure 9. EM300 bathymetry database at Axial VVolcano, Juan de Fuca Ridge. The thick black line indicates the
data added on the NeMO’06 cruise. All the data featured on the map were collected on NeMO expeditions, with
the exception of the MBARI 1998 data in the area of the south rift zone (red line). EM300 bathymetry grid-cell
size is 30 meters. Mercator projection.

Figure 10. EM300 bathymetry database at the Endeavour segment of the Juan de Fuca Ridge. NeMO’06 EM#00
bathymetry coverage are is outlined by the bold gray line. All other EM300 data presented on the map are
provided courtesy of Deb Kelley, University of Washington. EM300 bathymetry grid-cell size is 30 meters.
Mercator projection.

Figure 11. Dive map for R1008 (Mothra) and R1009 (Main Endeavour Field) at the Endeavour segment.
Endeavour vent positions were obtained from the Ridge 2000 data portal courtesy of Deb Kelley and Deb
Glickson, UW. EM300 bathymetry grid-cell size is 35 meters. 20 meter contour interval. Mercator projection.

Figure 12. Dive map for R1010, the pressure dive at Axial. Benchmarks were visited (and re-visited) from the
caldera center to the south pillow mound. EM300 bathymetry grid-cell size is 30 meters. 50 meter contour
interval. Mercator projection.

Figure 13. Dive map for R1011 on the northern *98 lava flow from Forum to Mkr-33. MBARI AUV bathymetry
grid-cell size is 1 meter. Mercator projection.



Figure 14. Dive map for R1012 on the "98 lava flow. Pillars were sampled during the east/west geological
traverses across the flow. MBARI AUV bathymetry grid-cell size is 1 meter. Mercator projection.

Figure 15. Dive map for R1013 at ASHES vent field. MBARI AUV bathymetry grid-cell size is 1 meter.
Mercator projection.

Figure 16. Map of ASHES vent field depicting vent types and vent descriptions. Vent positions are based on
2003 transponder navigation. Imagenex bathymetry grid-cell size is 1 meter. 1 meter contour interval.

Figure 17. Dive map for R1014, southeastern caldera area from Coquille vent field to the International District.
MBARI AUV bathymetry grid-cell size is 1 meter. Mercator projection.

Vi



1.0 NeMO 2006 EXPEDITION SUMMARY
Axial Volcano and the Endeavour Segment, Juan de Fuca Ridge
Dave Butterfield, Chief Scientist (JISAO/ UW /PMEL)

The NeMO 2006 expedition is the eighth in the string of submersible cruises that started in 1998 when
the PMEL VENTS Program began a multi-year seafloor volcano observatory. With the exception of
2005, every cruise has involved the remotely operated vehicle ROPOS, as well as water column
hydrothermal plume measurements and a heavy emphasis on seafloor instrumentation (Figure 1). In
2006, we also added a second, highly capable mapping vehicle, the D. Allen B. autonomous underwater
vehicle (AUV) from MBARI. The University of Victoria provided NSERC funding for four days of
ROPOS operations and NOAA/PMEL provided the funding for the ship and the remaining ROPOS time.

It was an exciting and productive two weeks of oceanographic science. Time-series water and microbial
DNA samplers were recovered and deployed at the Endeavour Integrated Studies Site (Plate 1) and also
deployed at Axial Volcano (Plate 2) for another year of weekly monitoring to detect responses to
volcanic or tectonic events. Initial results show a surprisingly large change over the past year at one site
in the Mothra vent field at Endeavour. Throughout the cruise, we collected a large and varied set of
water column, vent fluid, rock, sediment, vent fauna, and microbial DNA samples, including adapting a
pump system to take very large volume DNA samples in a very short time. We recovered temperature
recorders from warm and hot vents around the caldera, deployed more temperature recorders, recovered
a Volcanic System Monitor (or “Rumble-ometer”) using the ROPOS heavy lift capability, deployed 4
ocean bottom hydrophones (OBH) to detect seismic/volcanic events, successfully deployed a new
autonomous hydrophone (Que-phone), made six vertical CTD casts, and made a series of high-precision
pressure measurements to determine that Axial VVolcano is still inflating with magma from below. We
sampled hydrothermal vents from most of the known vent areas, discovered a new diffuse vent areas,
including Zen Gardens (Plate 4), and finished our ROPOS operations by finding the largest active
sulfide chimney yet seen at Axial, 13-meter high “El Guapo” with multiple boiling vents (Plate 3).

The entire ship went through a nerve-wracking experience when the AUV unexpectedly ran out of
tracking range near the beginning of its first dive. It became the mission of the ship to find the AUV
with a logically planned search pattern. Multiple lookouts remained on the bridge for approximately 20
consecutive hours and it was a happy moment for those who were still awake when the AUV was
recovered. A very long ROPOS dive began the next morning and by the time it was over, the AUV team
was well on the way to getting back in the water.

It is challenging to make efficient use of all assets when conducting combined AUV and ROV
operations with no overlap in the water, along with other shipboard operations (e.g. CTD casts,
launching/recovering instrument moorings). We made every effort to use all assets to the fullest extent
possible. We could not launch or recover the AUV with the ROV in the water, and we required some
long ROPOS dives, so there were significant blocks of time when the AUV could not be used.
Furthermore, the requirement to track the AUV while it was in the water meant that the ship was not free
to conduct other operations, leaving a very small window between ROV and AUV time for CTD and
mooring ops. By the second week of the cruise, we settled into a workable schedule of 0800 to 2000
ROV operations and overnight AUV mapping (Figure 3), with CTD and other operations in between. It
would be a tremendous advantage in the future if the AUV could be launched and left to run its course
while the ship performed other operations. MBARI is working on increasing battery lifetime and



improving backup systems, but it will take additional experience at sea to develop the confidence to do
fully autonomous operations.

The scientific staff for NeMO 2006 included Keith Tamburri and his team of 5 engineers (Vincent
Auger, Steve Bucklew, Dan Cormany, Reuben Mills, and Dean Steinke) who kept ROPOS operating
beyond the expectations of the scientists on board. ROPOS was diving within 90 minutes of arriving at
Endeavour, our first area of operations, carried out a long dive the following day, then a record-breaking
53 hour dive at Axial, followed by 12-hour dives every day. The new launching system, fiber-optic data
telemetry and ultra-short baseline navigation system mean better performance over an increased range of
weather conditions. Significant effort went into the heavy-lift setup to recover the Rumble-ometer, and
the operation went perfectly. The performance of the ROPOS team and vehicle was as close to flawless
as you can get. The whole science team really appreciates the efforts of the ROPOS team to make our
program work.

There were 6 scientists and engineers from MBARI on board to plan missions, operate the AUV, and
produce maps from the data collected. Volcanologist David Clague, in collaboration with Bill
Chadwick of PMEL, developed the mapping strategy and priorities. The entire AUV group (Dave
Caress, Hans Thomas, Doug Conlin, Jenny Paduan, and Paul Tucker) performed with great confidence
and tenacity in spite of adverse developments. In the end, we had five full nights of mapping, and the
results are absolutely spectacular. The maps are simply the best seafloor bathymetric maps that any of
us have ever seen. Having the maps available shortly after the AUV missions were completed allowed
us to use them during the ROPOS dives to see where we were going and find features that are not visible
on previous maps. For example, the plan for our last ROPOS dive with the fluid sampler on board was
to sample multiple vent sites in the south and southeastern parts of the caldera, and especially to find
sulfide chimneys that were briefly glimpsed at the end of a dive in 2004. We could actually see the
sulfide structures on the AUV map, so we knew exactly where to look for the big chimneys. The
combination of ROPOS observations and sampling with high-precision AUV mapping allows “ground-
truthing” to help interpret the maps and can help to target exploratory dives.

NeMO 2006 had a talented, energetic, and congenial group of scientists and technicians on board to
keep the science moving 24 hours a day by standing watch during ROV dives, dealing with instruments,
and collecting and processing samples. The chemistry team was large this year, with Nathan Buck,
Geoff Lebon, Leigh Evans, Andrew Opatkiewicz (also doubling as a microbiologist), Pamela Maynard,
and Francoise Labonte all pitching in. The biologists included Angela Kouris (ecology of blue mats),
Jonathan Rose (vent fauna), Raphaelle Dancette (Marine Protected Area study), and Sheryl Bolton
(microbiology). The Marine Geology team included Bill Chadwick, Scott Nooner, Emily Laity, and
Susan Merle, who was also our data czar. Bill and Susan made the web site happen with the help of
Andra Bobbitt back in Newport, and contributions from shipboard participants. Engineers Jon
Bumgardner and John Shanley took care of all moored instrument recoveries and deployments, and
Haru Matsumoto handled the OBH surveys and Que-phone deployment. Special thanks to Bill
Chadwick for his wise counsel before and throughout the cruise. We had critical shore help from Mike
Hopkins, Sharon Walker, Alan Hilton, Chris Meinig, Dan Schwartz, and Mr. Tamburri of VVancouver.
Captain Al McClenaghan and the entire crew of the R/V Thompson were utterly competent and
professional and a pleasure to work with.



NeMO'06 Instrument Deployments (OBHs and QUEphone) and CTD Casts
(Also shown are BPRs still on the bottom, vent postions and lava flow boundaries)
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ROPOS Operations at Axial, NeMO’06
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Newly Discovered Diffuse Venting at Axial, NeMO’06
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1.1  OPERATIONS LOG

Time Time
Date (PST) (UTC) [ Operations Log: Comments/Event
UTC is 7 hours ahead of local time (PST)
8/20 0900 1600 Loading science gear and installing crane for AUV launching (began 8/19).
8/21 0900 1600 Finish loading science gear, lab setup, deck preparation.
8/22 0900 1600 Thompson departs U.W. dock for transit to Victoria.
8/22 1800 0100 Aurrive at Esquimalt Graving dock; some ROPQOS gear loaded.
ROPOS loading and setup. MBARI AUV tracking transponder damaged during
testing. Search for replacement/spares throughout day unsuccessful. Only option
8/23 0700 1400 is to use ROPOS tracking gear on pole over the side.
8/24 1400 2100 Departed Victoria BC (Esquimalt Graving Dock) for the Endeavour Segment
8/25 1400 2100 Arrived at Endeavour segment - Mothra vent field
8/25 1415 2115 CTD cast over Faulty Towers at Mothra (V06C01)
8/25 ~1645 2343 Start ROPOS dive R1008 at Mothra Vent Field - Endeavour Segment
8/26 0040 0740 End dive R1008.
8/26 0130 0830 EM300 survey of southern Endeavour segment. Start logging. Heading 210°
8/26 0302 1002 EM300 logging off. Sonar not pinging. Communications failure.
8/26 0318 1018 Sonar back on and logging. Start EM300 line 11.
8/26 0349 1049 Turning north on EM300 survey.
8/26 0600 1300 Turning W/NW for last segment of EM300 survey
8/26 0634 1334 End of EM300 survey of southern Endeavour segment.
8/26 0945 1645 RAS in the water over the Main Endeavour Field (MEF).
Start ROPOS dive R1009 at Main Endeavour Field. Long-term RAS
8/26 1100 1800 placement, Vent fluid and suction sampling.
RAS #17 released by ROPOS. 1500 PST at the surface. 1530 PST RAS #17
8/26 1425 2145 recovered.
8/27 0330 1030 End dive R1009.
8/27 0410 1110 Start transit to Axial and EM300 survey of the Cobb Segment.
8/27 1254 1954 End of EM300 survey at CoAxial Segment. Full speed ahead to Axial Caldera.
8/27 1530 2250 Arrive at Axial.
8/27 1600 2300 Start deploying 4 PMEL OBHs at Axial.
8/27,8/28 | 1800 0100 Finished deploying 4 PMEL OBHs at Axial.
NeMO Net buoy not here! Release is on its side. Later found the mooring line on
8/27,8/28 | 1830 0130 the bottom but no buoy.
8/27,8/28 | 1845 0145 Try the release...
8/27,8/28 | 1900 0200 Survey in the OBHs.
8/27,8/28 | 2330 0630 Launch the MBARI AUV (NE of the caldera)
AUV veered off course and beyond tracking range. First response was to
8/28 ~0200 ~0900 follow last known direction, try to catch AUV and attempt to locate with tracking.
AUV did not surface within range after time limit. Set up search pattern based
on starting location, last known vector, potential to change direction, and
8/28 0730 1430 maximum range. Started running pattern at full speed with 5km line spacing.
8/28 1515 2215 Start EM300 Line 25 during search.
AUV search and EM300 survey. NW of the caldera now near NRZ. Traveling
8/28 1525 2225 ~11.5 kts.
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Time Time
Date (PST) (UTC) [ Operations Log: Comments/Event
8/28 1604 2304 Turning east.
8/28 1623 2323 Turning south.
8/28 1658 2358 EM300 data look sparse at this depth (Z=2625).
8/28, 8/29 | 2305 0605 Still searching and surveying.
8/29 0130 0830 Picked up radio signal from AUV. Faint flash seen at horizon.
8/29 0330 1030 AUV recovered on deck!!!!
8/29 0500 1200 Surveyed OBHL1.
8/29 0715 1415 Deployed quephone.
8/29 0815 1515 Start ROPOS Dive R1010 (pressure dive) Axial Caldera / South Pillow Mound.
8/31 1337 2037 End of ROPOS dive R1010. New record for a dive: > 53 hours.
8/31 1340 2040 Raise nav pole.
8/31 1430 2130 Begin CTD at ASHES (V06C-02).
8/31 1600 2300 End CTD at ASHES.
8/31, 9/1 1715 0015 AUV test.
8/31,9/1 | 2100 0400 OBH calibration/survey.
8/31, 9/1 2300 0600 AUV launch -1998 lava flow area.
9/1 0600 1300 AUV recovery.
9/1 0806 1506 Begin ROPOS dive R1011 (Northern 1998 lava flow area). HFS sampling.
9/1, 9/2 2003 0303 End ROPOS dive R1011.
9/1, 9/2 2015 0315 Begin CTD (V06C-03) E/NE of the caldera.
9/1, 9/2 2130 0430 End CTD (V06C-03) E/NE of caldera.
9/1, 9/2 2250 0550 AUV dive - E/NE of caldera rim.
9/2 0800 1514 Start ROPOS dive R1012 (pillar dive and rumbleometer recovery.
9/2, 9/3 1900 0200 End ROPOS dive R1012. ROPOS and rumbleometer on deck.
9/2, 9/3 1930 0230 Begin CTD at Coquille (V06C-04)
9/2,9/3 2200 0500 AUV dive - S lava flow, S caldera, ASHES.
9/3 0700 1400 AUV recovery.
9/3 0805 1505 Start ROPOS dive R1013 at ASHES vent field. HFS sampling.
9/3, 9/4 2015 0315 End of ROPOS dive R1013.
9/3,9/4 2100 0400 Begin CTD at CASM (V06C-05)
AUV dive - N Rift Zone with tie line down the E side of the caldera rim thru
9/3,9/4 2300 0600 98 flow to Vixen.
9/4 0740 1440 AUV recovery.
Begin ROPOS dive R1014 (Vixen, Bag City, Mkr-113, Castle, International
9/4 0810 1510 District). HFS sampling.
9/4, 9/5 2006 0306 End ROPOS dive R1014.
9/4, 9/5 2015 0315 CTD at Castle area (V06C-06)
AUV dive - One tie line from Castle area over to Mkr-113 and north to NE
9/4, 9/5 2200 0500 caldera floor.
9/5 0620 1320 AUV on deck.
9/5 0700 1400 Departed Axial for Victoria BC.
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Time Time
Date (PST) (UTC) [ Operations Log: Comments/Event
9/6 1200 1700 Arrive in Victoria BC to offload ROPOS and Canadian science gear
9/6 2300 0600 Depart Victoria for Seattle overnight
9/7 1200 1900 Aurrive at University of Washington pier, Seattle, WA
9/8 1200 1900 Offloading and cleanup complete. Next voyage starts loading.
2.0 CRUISE PARTICIPANTS

PARTICIPATING ORGANIZATIONS

e NOAA - Pacific Marine Environmental Lab (PMEL)

(JISAO)

University of Washington — Joint Institute for Study of the Atmosphere and the Ocean

Oregon State University — Cooperative Institute for Marine Resource Studies (CIMRS)
Monterrey Bay Aquarium Research Institute (MBARI)
Scripps Institution of Oceanography (S10)
University of Victoria, British Columbia (UVIC)
University of Quebec at Montreal (UQAM)
Canadian Scientific Submersible Facility (CSSF)

SCIENTIFIC PARTY AND AFFILIATIONS

Chief Scientist

Name

Nationality

Affiliation

E-mail Address

David A. Butterfield

USA

UW/JISAO

David.A.Butterfield@noaa.gov

(206) 526-6722

Participating Scientists

Name Nationality Affiliation E-mail Address
David Butterfield USA UW/JISAO David.A.Butterfield@noaa.gov
William Chadwick USA OSU/CIMRS William.W.Chadwick@noaa.gov
Haru Matsumoto USA OSU/CIMRS haru.matsumoto@noaa.gov
David Clague USA MBARI clague@mbari.org
David Caress USA MBARI caress@mbari.org
Hans Thomas USA MBARI hthomas@mbari.org
Doug Conlin USA MBARI conlin@mbari.org
Paul Tucker USA MBARI
Jenny Paduan USA MBARI paje@mbari.org
Geoffrey Lebon USA UW/JISAO Geoffrey.T.L ebon@noaa.gov
Leigh Evans USA OSU/CIMRS Leigh.J.Evans@noaa.gov
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Name Nationality Affiliation E-mail Address
Susan Merle USA OSU/CIMRS Susan.Merle@noaa.gov
Pamela Maynard USA uw Pamela.Maynard@gmail.com
Francoise Labonte Canada UQAM francoiselabonte@gmail.com

Andrew Opatkiewicz USA Uw opatka@u.washington.edu
Sheryl Bolton USA UW-UVIC bolton@u.washington.edu
Raphaelle Dancette Canada UQAM rafalda@hotmail.com
Angela Kouris Canada UQAM juniper.kKim@ugam.ca
Emily Laity USA SUNY ellaity@buffalo.edu
Scott Nooner USA SIO snooner@ldeo.columbia.edu
Nathan Buck USA UW/JISAO Nathan.Buck@noaa.gov
Jonathan Rose Canada UVvIC jonmrose@uvic.ca
John Shanley USA PMEL John.C.Shanley@noaa.gov
Jon Bumgardner USA PMEL Jon.Bumgardner@noaa.gov
Keith Tamburri Canada CSSF tamburri@ropos.com
Reuben Mills Canada CSSF mills@ropos.com
Dean Steinke Canada CSSF
Vincent Auger Canada CSSF auger@ropos.com
Dan Cormany Canada CSSF
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3.0 NeMO 2006 DISCIPLINE SUMMARIES
3.1 ACOUSTICS

3.1.1 Monitoring Axial Volcano with OBHs and the QUEphone: NeMO’06
Haru Matsumoto (CIMRS)

OBH deployments

Deploying OBHSs (Ocean Bottom Hydrophone) at Axial VVolcano allows us to investigate the source mechanism
of seismicity at much closer range than previously could be accomplished by a distant fixed hydrophone network.
During the NeMO’06 cruise, a total of four OBHs were deployed at the mooring locations shown on Figure 1
(blue stars). The new OBH platform, while providing a good coupling to the ground, is designed to protect the
hydrophone and the internal electronics against damages that might occur during deployments and recoveries.
Each mooring consists of a bottom anchor plate, an aluminum platform, an acoustic release, and a 35 meter long
tether with 8 glass spheres.

The followings are the codes associated to the EG&G acoustic releases for each mooring.
Name Ser#  Release code Disable Code Enable code Int Freq Reply Freq

OBHN 30636 142507 137617 137575 11.0kHz  12.0kHz
OBHS 30537 133356 117071 117052 11.0kHz  12.0kHz
OBSE 015701 532302 535742 535761 11.0kHz ~ 10.0kHz
OBSW 023772 634376 655441 655407 11.0kHz 12.0kHz

After the deployments, all four OBHs were triangulated using the “Workboat” program, and all acoustic releases
were confirmed disabled. The logging computers of the OBHs were programmed in the Newport lab prior to the
cruise so that the acoustic monitoring would start on 9/06/2006 (GMT), approximately one day after our departure
of the area at the end of the cruise. Because of the uncertainty of the future recovery cruise schedule, we have
prepared the batteries and the data storages appropriately large enough for up to two years of continuous
monitoring.

QUEphone

While a ROPOS ROV dive was in progress, a new pseudo real-time hydrophone, called “QUEphone” (QUasi-
Eulerian phone), was tested at Axial. The test dive started on 8/29 at 1404 (GMT) at the northeast side of caldera,
approximately 1km off the center of the caldera. It took 9 hours to descend to the bottom. The instrument, upon
arrival on the bottom, started an 8-hour long acoustic monitoring. Although it is capable of monitoring up to one
month and 12 dives, considering the time frame and other higher priority missions during the cruise, we
programmed it to monitor for a relatively short period and limited it to only one dive. At 06:20 on 8/30, it ended
the acoustic monitoring, started its ascent, and 5 hours later reached the surface.

During the 8-hour monitoring period the QUEphone detected one T-phase at 242:04:56:38 +/-5 sec (GMT). The
epicenter of the earthquake will be investigated by incorporating the SOSUS real- time data. At this point, it
appears to be the origin of a distant earthquake. The QUEphone also recorded continuous mechanical noises from
ROPOS and the R/V Thompson. Both were in operation in close range. The local seismicity appeared to be quiet
during the time of monitoring and no other T-phases were detected (Figure 2a).

The QUEphone re-surfaced 2.4km to the northeast of where the dive began (Figure 2b). A straight line

interpolation and the depth record suggest that it landed at the northeastern flank of Axial volcano slope,
approximately at N45°58.3-W129°59.5, where the seafloor surface is sediment covered (from the past ROV
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observations). The pressure gauge indicated that its depth was between 1482 m and 1484m while on the bottom,
which was consistent with the bathymetry and tidal data at those coordinates.

Upon completion of the dive, it transmitted short acoustic data from an Iridium modem; subsequently at every a
half hour interval it updated its coordinates at the PMEL Iridium web site. With a few minutes of delay, aboard
the R/V Thompson we were able to retrieve the acoustic data and continue to track the QUEphone position until it
was recovered. The test was a success, and all the components worked as designed including the Iridium/GPS
communication module and deep water antenna, buoyancy controller, hydrophone, and data logger/processor.
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QUEphone Test Dive at Axial, NeMO’06
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3.2 BIOLOGY

3.2.1 Biology Experiments and Insights at Endeavour and Axial
Jonathan Rose (UVic)

Parasitism of Vent Limpets

Parasitism is a common mode of existence and examples of it are found in virtually all ecosystems studied.
However at the hydrothermal vents there have been few recorded samples found and most of those were either
unidentified or a normal deep-sea parasite. Recently a type of parasitic copepod (Family: Nucellicolidae) has
been discovered on the hydrothermal vent limpet Lepetodrilus fucensis. L. fucensis is the most abundant
organism on the Juan de Fuca ridge system. The parasite is a new species that is currently being described.
Suction samples of limpets were done at several locations to be processed back in the lab looking for the parasite.

Larval Recruitment

There are several ongoing studies of larval recruitment at hydrothermal vents. The sometimes massive but highly
localized movement of water could allow for a number of potentially interesting recruitment strategies. On
August 20, 2003 a Technicap sediment trap was deployed on the edge of Easter Island vent at the Main field on
the Endeavour segment. Easter Island is a large diffuse vent just to the east of the talus slope. The trap consists
of a cone with a 24-bottle rosette at the bottom and was programmed for a 2-week rotation thereby sampling
almost an entire year. It was scheduled for recovery in 2004 and 2005 but due to weather or other unforeseen
circumstances this was not done. Recovery this year was going smoothly until 30m from the surface. ROPOS
was in the midst of surface recovery operations and must have hit an odd swell. The sediment trap tilted a bit in
the grasp of the Magnum 7-Function manipulator, which then lost its grip on the trap. The trap tilted over and
sank to the bottom. We did not have time to go back and recover the trap as it is a 2 hour descent and another 2
hour ascent. Unfortunately as the trap went down headfirst it is reasonable to assume that the samples collected
and the trap itself are lost.

Deepsea Wood Communities

Over the past number of years, at numerous locations in the NE Pacific, wood has been deployed in an effort to
collect wood boring bivalves. Historically there has been only one described species of deep-sea wood boring
clams - Xylophaga washingtona. In the course of the wood collections several new species have been discovered
and are in the process of being described. A wood block deployed approximately 20m north of Marker 33 vent
was recovered and preserved. This wood was deployed in 2002 or 2003 so not much remained of the original 12”
long 4x4 of fir. There looked to be some clams remaining in the wood fragments which were presevered. The
associated fauna was also collected and preserved.

Limpet Growth Rates

On the NeMO 2004 cruise an exclusion cage was deployed for Noreen Kelly at Dalhousie. The experiment was

to determine the growth rate of some L. fucensis by means of labeling the shell and then recovering after a period
of time. Just releasing the limpets back at the vent would not work, as it would be next to impossible to recover

the labeled individuals so they were placed in a cage. The cage was designed to allow fluid flow to pass through
but the limpets should remain behind.

Sulphide Weathering Experiment

The purpose of this work was to document the characteristics of submarine sulfide weathering and determine the
role of bacteria in this process. Pieces of sulfide were deployed in 2003 in pieces of tubing. Standard
mineralogical and chemical characterization of these altered sulfides will be undertaken in laboratories at the
Université du Québec a Montréal and McGill University. Cell counting, biomass estimates and molecular
techniques (DNA-based phylogeny) will also be used to assess the nature and abundance of bacteria in these

21



samples and their possible role in the alteration of the sulfide minerals. Ratios of the stable isotopes of iron will
be determined by MC-ICP-MS and their potential use as a biomarker will be critically assessed.

3.2.2 Ildentification and Characterization of Blue Mat (Folliculinopsis sp.) Ciliate Symbionts
from Northeast Pacific Hydrothermal Vents
Angela Kouris (UQAM), Kim Juniper (UVic), Nicole Dubilier (Max Planck Institute)

Dense blue-green coloured protozoan mats adjacent to hydrothermal venting on Axial VVolcano of the Juan de
Fuca Ridge, northeast Pacific, were first reported in the literature twenty years ago. Though relatively little is
known about the ecology and biology of these protozoa, carpets of folliculinid ciliates (Blue Mats) still occur on
Axial Volcano, and are now known from other vent sites in the northeast Pacific, indicating that they are a
recurrent component of the vent fauna in this region.

In 2005, the ultrastructure of the Blue Mat ciliates was investigated in samples collected from Axial Volcano
using conventional scanning electron microscopy (SEM) and thin section transmission electron microscopy
(TEM). Results of this study suggest the existence of at least an endosymbiosis between Blue Mat
(Folliculinopsis sp.) ciliates and bacteria at hydrothermal vents (Kouris, A. et al -in press). The
chemolithoautotrophic nature of these symbiotic bacteria remains to be confirmed. Complementary molecular
analysis (16SrRNA gene analysis and fluorescent in situ hybridization) will be performed during a three month
MarMuic Early Stage Training research internship (A.K.) at the Max Planck Institute of Microbiology (Bremen,
Germany) to determine the microbial diversity, location in the host cell and phylogenetic position of the
microorganisms associated to the Blue Mats. Sequencing Blue Mat symbiont genes, for example, may show that
these microorganisms, like bacterial symbionts common in invertebrates living in reducing environments such as
hydrothermal vents, whale falls, cold seeps and sunken wood, are related to either sulfur-oxidizers (thiotrophic),
methane oxidizers (methanotrophic) or both and thus provide us with clues to their metabolism. Suction samples
of Blue Mats were collected from five hydrothermal vent sites at Axial Volcano (Marker N3, Diva, Mushroom,
Village, Phoenix) for this molecular biological work using the ROPOS ROV (August — September, 2006).

To our knowledge, ours was the first reported protozoan-bacterial symbiosis at vents as well as the first reported
symbiosis in folliculinid ciliates. Further, no other study has investigated the molecular biology of bacterial
symbionts in folliculinid ciliates.

3.2.2a Axial Blue Mat Samples (NeMO 2006)

Dive # Vent FISH rRNA

R1010 SS J4 Villace 3x 15ml tubes 1x 15ml 1x 50ml
R1011 SS J3 Mkr-N3 3x 15ml tubes 2x 50ml

R1011 SS J4 Mkr-N3 periphery

R1013 SS J3 Mushroom 3x 15ml tubes 1x 50ml

R1013 SS J4 Phoenix 3x 15ml tubes 1x 50ml

R1014 SS J3 Diva 3x 15ml tubes 1x 50ml

3.2.3 Managing Scientific Research Activities in the Endeavour Hydrothermal Vents Marine
Protected Area - Comparison with the Axial VVolcano Site, Situated in International Waters
Raphaelle Dancette (UQAM)

The primary aim of my Master’s project in Environmental Science is to document the location, type and intensity
of scientific research activities within the Main Endeavour hydrothermal field and to compare it with the activities
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led at Axial volcano. The NeMO’06 cruise allowed me to observe the locations, methods and timescales of
scientific sampling and observations. We used the Canadian operated submersible ROPOS. It has also provided
me with an opportunity to directly observe sampling and instrument deployment operations, including the
interaction between scientists and submersible pilots. Another aspect of my study is to determine the present and
expected activities, and how scientists take into consideration the environmental concerns when planning and
carrying out research. This includes the perception of the scientists on the impact they have. To accomplish that,
I asked the scientists and the ROPOS team to fill out a questionnaire about their sampling methods and their
general knowledge about Endeavour. A secondary aim is to study the principal faunal habitats within the
different areas of scientific activities in order to determine which faunal communities are most directly affected by
human intervention. This information will be used in an upcoming revision of management zones within the
Endeavour Marine Protected Area (MPA). Most of the information for my MSc project (concerning scientific
activities as well as the faunal assemblages) will come from reviewing navigation logs, numerical pictures and
video records from the NeMO’06 cruise.

The tracklines followed by the ROPOS submersible in this cruise to Endeavour, together with the same
information from previous cruises at the same site will be entered into a GIS database that | am developing in
order to determine where the submersible passes the most frequently. | will then study the types of macrofauna
found around those areas since these organisms are potentially affected by the environmental pressure caused by
repetitive modification of their habitat. The lights and noise (due to the sonar and propellers) of the submersible
and ship will also be taken into consideration as factors altering the natural environment of the studied
ecosystems.

Another impact that scientific activities can have at sea is of aesthetical concern. For example, ship and sampling
garbage left on the bottom have a visual impact on these otherwise pristine areas, particularly for the Endeavour
MPA. . Over time, this could affect public opinion on the importance of protecting the marine environment. |
took video and picture samples of the objects that we saw that did not facilitate any present studies. | also asked
officers of the R/V Thompson to explain to me the policies for waste disposal on board and how that compares to
what is practiced.

23



3.3 GEOLOGY

3.3.1 Pillar Sampling and Repeated Pressure Measurements
Bill Chadwick (CIMRS), Scott Nooner (S10), and Emily Laity (SUNY)

Pressure measurements have been made at Axial seamount since 2000 in order to see if the volcano has been re-
inflating since its eruption in 1998. These measurements are among the first to attempt to measure vertical
deformation on an active submarine volcano. Previous results have shown that the volcano appeared to be
inflating up to 19 cm/yr, but our measurement errors have decreased each year, so there is some uncertainty in the
long-term rate.

The pressure measurements this year were made on ROPOS dive R1010, from 19:30 UTM on 8/29/06 to 18:30
UTM on 8/31/06, a 53.5 hour dive (the longest ROPOS dive to date)! The 2006 survey was carried out in
precisely the same way as the 2004 survey. Previous surveys have only taken 36-40 hours. The extra dive time
required this year was mainly due to changes in the ROPOS system since 2004. Without the cage, ROPOS now
has to drag the weight of its cable through the water during transits, and the maximum transit speed was only
about 0.8 knots at best. Because the pressure transects include several long transits, this increased the dive time
considerably. Also, we started the dive by examining the anchor of the missing NeMO Net buoy, and errors in
the ultra-short baseline navigation during the dive caused offsets in the navigation, so extra time was needed to
find each benchmark. In future surveys this time should be significantly less, but we estimate that a minimum of
40 hours is required to make 3 transects with the new ROPOS system (without doing any other tasks).

Measurements were made by placing the MPR (mobile pressure recorder) on top of benchmarks that were
deployed in 1999. As in 2004, the pressure sensor had a flat plate on the bottom to make the exact orientation of
the sensor repeatable from measurement to measurement. The sensor was also aligned with a specific side of
each triangular benchmark, again to increase repeatability. Data collection was the same as in 2004, but this year
we recorded only 20 minutes at each site rather than 30 minutes. Data was recorded on a laptop PC in the
ROPOS control room running LabView software. Measurements were made on five benchmarks (AX63-Caldera
Center, AX01-Magnesia, AX05-Marker 33, AX04-Bag City, and AX66-Pillow Mound). AX01, AX05, and
AXO04 were visited three times each, while AX 63 and AX66 were visited twice each. AX66 is the reference
benchmark and is outside the area of expected deformation. The pressure data was converted to depth then
corrected for tides using the worldwide tide model SPOTL. The uncertainty in the measurements is given by the
scatter of repeated measurements at each benchmark. The repeatability this year was 1.4 cm. The repeatability
will be slightly improved by using real tide data from nearby BPR’s (Bottom Pressure Recorders) when that data
becomes available.

Comparing the 2006 depths to previous years shows that inflation is continuing in the caldera relative to AX66.
Benchmark AX63 at the center of the caldera was uplifted by about 21 cm since 2004, and a linear trend since
2000 suggests an uplift rate of about 13.5 cm/yr. However, a linear inflation trend does not fit the data well over
the entire 6 years, and suggests that the rate of inflation may be decreasing with time. The observed rate of
inflation also decreases with radial distance from the caldera center, as is expected.

Another of the geology goals this year was to make several transects to examine the distribution of lava pillars
within the 1998 lava flow, and to sample some of the pillars both within and off the 1998 flow. This sampling
effort was a follow-up to a single pillar sample obtained in 2003 (R743-RK-0007) that was found to have very
unusual chemistry. In particular, the glass that lines the interior of the pillar was found to have rare evidence for
lava/seawater interaction. This kind of interaction has not been seen in other pillar samples. By sampling
additional pillars, we want to see if this is unique to pillars in the 1998 flow, or perhaps Axial in general, or was
just a fluke occurrence. This year, we obtained five additional pillar samples (R1012-pillar-0001, -0002, -0005, -
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0006, and R1014-pillar-0001) to compare with the 2003 sample. The chemical analysis is being done in
collaboration with Peter Schiffman and Rob Zierenberg at UC Davis.

3.3.1a Axial Pressure Benchmark Positions and Depths

benchmark longitude °W latitude °N z (m)
AX-63 (Caldera) -130.010050 45.955150 1530
AX-05 (M33) -129.98245 45.933250 1523
AX-04 (Bag City) -129.989450 45.916183 1534
AX-66(S. Pil. Mound) | -130.003720 45.863150 1723
AX-01 BM Magnesia -129.984900 45.946217 1524

3.3.2 MBARI Mapping Autonomous Underwater Vehicle (AUV) Surveys at Axial
Dave Clague (MBARI)

During the 2006 NeMO cruise on the R/V Thompson, the MBARI Mapping Autonomous Underwater Vehicle
(AUV) was deployed for 6 surveys on Axial Seamount (Figure 2). The objectives of the survey were to
determine the geologic history of the summit of Axial Seamount and to locate optimal fiber-optic cable routes for
a future observatory. (Figures 4 and 5)

The Mapping AUV is a torpedo-shaped, 6000 m rated vehicle designed and constructed by MBARI. The vehicle
is equipped with a 200 kHz multibeam sonar, 110 kHz and 410 kHz chirp sidescan sonar, and a 2-16 kHz sweep
chirp sub-bottom profiler. The multibeam provides a 120-degree swath with 0.94 degree by 0.94 degree beam
resolution. The endurance of the AUV is eight hours at 3 knots. Navigation derives from an inertial navigation
system (INS) incorporating a ring laser gyro aided by GPS at the surface and by velocity-over-ground
observations from a Doppler velocity log (DVL) when within 130 m of the seafloor. A navigational precision of
0.05% of distance traveled is achieved with continuous DVL bottom lock. An acoustic modem allows surface
aiding of navigation during deep descents.

The AUV ran two types of missions: those on the rim of the caldera were run at 90 m altitude with a line spacing
of 250 m and those on the caldera floor were run at 50 m altitude with a line spacing of 150 or 175 m. Missions
were of 7-8 hrs duration, including decent and ascent, and were all done at night after the ROPOS ROV was
recovered and the daily CTD cast completed. The first deployment suffered a malfunction and the vehicle veered
off the planned mission and was recovered after surfacing after the mission aborted. After evaluating the
problem, we launched a sequence of 5 missions, one each night until the end of the cruise.

The surveys covered most of 1998 lava flow on the south rim of the caldera and northern part of the south rift
zone, the southern region of the caldera floor where hydrothermal vents are common, the northeast rim of the
caldera where volcaniclastic deposits related to caldera collapse drape the surface, the north rift zone, and the
northern portion of the caldera floor. The surveys run at 50 meter altitude have a resolution of one meter so that
large individual lava pillars (Figure 6) and hydrothermal chimneys (Figure 7) can be seen, fissures stand out
clearly, and the regions of collapsed lobate flows can be mapped. Many of the flows, including the 1998 flow,
have dramatic drained lava ponds and channel distributary systems that closely resemble on-land flow channels
(Figure 8). The northeast rim of the caldera is cut by numerous fissures, some of which served as eruptive vents
for post-caldera flows that are on top of the volcaniclastic deposits. The CHIRP sub-bottom profiler did not
resolve the roughly 2-m thick deposits observed and sampled with a vibracorer during an MBARI Tiburon ROV
dive in early August 2006. The north rift zone has prominent fissures near the caldera, but within about 1.5
kilometers of the caldera rim, the fissure system is less obvious, having been buried by young flows. The north
rift zone is a constructional ridge that is cut by numerous fissures, but both die out within 1.6 km of the caldera
wall. Northeast trending fissures are present about 1-1.5 km east of the north rift zone as well. The survey of the
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caldera floor imaged a small volcanic cone with a 62 m wide, 39 m deep, crater in the center. In addition, a lobate
flow along the base of the northeastern caldera wall has 9 collapse pits, 10-50 m across and 7-13 m deep, aligned
like skylights along a tube system on subaerial flows. Nearby to the northwest, there is a flat lava pond with a
bathtub ring of lava around it that is 3 m shallower than the pond surface. The 900 m wide flat surface and the
rim are both tilted with the side closest to the center of the caldera about 1.5 m shallower than the northeastern
corner of the pond. Fifteen round 5 m tall, 10-40 m diameter mounds of unknown origin (sulfide mounds or
tumulus?) are scattered on the flow surface. We mapped all of the known hydrothermal vent sites in and nea