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Summary

This workshop report describes plans for scientific drill-
ing in the Samail ophiolite in Oman in the context of past, 
current, and future research. Long-standing plans to study 
formation and evolution of the Samail crust and upper man-
tle, involving igneous and metamorphic processes at an oce-
anic spreading center, have been augmented by recent inter-
est in ongoing, low temperature processes. These include 
alteration and weathering, and the associated sub-surface 
biosphere supported by chemical potential energy due to dis-
equilibrium between mantle peridotite and water near the 
surface. This interest is motivated in part by the possibility 
of geological carbon capture and storage via engineered, 
accelerated mineral carbonation in Oman. 

Our International Continental Drilling Program (ICDP) 
proposal led to the Workshop on Scientific Drilling in the 
Samail Ophiolite in Palisades, New York, on 13–17 September 
2012. There were seventy-seven attendees from eleven coun-
tries, including twenty early career scientists. 

After keynote presentations on overarching science 
themes, participants in working groups and plenary sessions 
outlined a ~U.S.$2 million drilling plan that practically 
addresses testable hypotheses and areas of frontier discov-
ery in the following areas.

•	 understanding the subsurface biosphere 
•	 characterizing the rates and mechanisms of 

ongoing mineral hydration and carbonation 
•	 characterizing chemical and physical pro-

cesses of mass transfer across a subduction 
zone 

•	 evaluating well-posed hypotheses on hydro-
thermal circulation, cooling, and emplace-
ment mechanisms of igneous rocks in the 
lower crust 

•	 investigating key problems in the dynamics of 
mantle flow and melt transport beneath oce-
anic spreading ridges

This report places these goals in the context  
of complementary research via ocean drilling  
and ongoing studies of active processes at oce- 
anic spreading centers, subduction zones, and 
peridotite-hosted hydrothermal systems. We end 

with an outline of the synergy between Oman drilling and 
the specific drilling proposed in the Integrated Ocean 
Drilling Program (IODP) proposal “Mohole to Mantle 
Project (M2M)”, IODP Proposal 805-MDP.

Workshop Proceedings and Results

Keynote speakers outlined hypotheses and areas of  
frontier scientific exploration to be addressed via drilling, 
including

•	 the nature of mantle upwelling,
•	 the chemical and physical mechanisms of mantle 

melt transport,
•	 the processes of lower crustal accretion and 

cooling,
•	 the frequency and magnitude of microseismicity 

during weathering,
•	 the rate and location of ongoing alteration, and
•	 the composition, density, and spatial distribution of 

subsurface microbial communities. 

Additional keynote talks covered state-of-the-art geo- 
logical logging of drillcore, geophysical logging in bore-
holes, and data management.

Breakout groups considered overarching science themes, 
then designed idealized projects to address these themes, 

Figure 1. Schematic illustration of planned array of boreholes designed to locate 
and sample input fluid, the subsurface reaction zone, and output fluid in a site of 
ongoing peridotite weathering and low temperature alteration.
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and finally considered practical constraints. We 
agreed to focus on studies relevant to global pro-
cesses. There was a consensus that to achieve the 
desired goals for this project, core must be logged 
to the IODP standard by dedicated science teams, 
and there must be extensive geophysical logging 
and experiments in boreholes. We planned for 
individual holes extending to a maximum of 600 m 
using local drilling technology and expertise, rea-
soning that current understanding of variation 
with depth does not warrant the extra expense 
required to import specialized equipment and 
engineers required for deeper holes. After wire-
line diamond drilling with continuous coring, it 
will be necessary to widen some holes or to drill 
parallel holes without coring, by rotary-drilling in 
order to obtain the ~15-cm diameter required for 
many geophysical logging tools and likely down-
hole experiments. 

We derived an approximate value of USD $250 per meter 
for continuous coring, based on approximate, informal 
estimates from two contractors operating in Oman. Using 
this estimate, the three final breakout groups were charged 
with designing a “Phase I” drilling program costing USD  
$2 million. In a striking demonstration of consensus, all 
three recommended similar plans. Despite interest in the 
more complex, polygenetic northern massifs of the ophiolite, 
all three groups focused on drilling in the simpler southern 
massifs during Phase I. 

To investigate active peridotite weathering, all three 
groups favored drilling multiple holes of moderate length in 
a peridotite catchment hosting alkaline springs to locate 
reaction zones where MgHCO3 ground water is transformed 
to CaOH alkaline water (Fig. 1). A few holes would later be 
deepened to investigate the variation of processes with 
depth, and widened to permit geophysical logging and  
downhole experiments. “Clean” rotary holes, drilled using 
air or high purity drinking water as lubricants, might be 
used to supplement diamond-cored holes to allow for easier 
and more accurate characterization of fluid compositions 
and the subsurface biosphere. 

All groups prioritized 600-m holes through key transi-
tions in the ophiolite: the dike-gabbro transition, the 
crust-mantle transition, and the basal thrust. They also pri-
oritized 600-m holes in selected parts of the more homoge-
neous lower crustal gabbro and mantle sections. Some of 
these would be widened for logging to learn the nature of 
gaps in core recovery and allow for regional characterization 
of variability in hydrology, fluid composition, and subsurface 
biosphere as a function of lithology and location. All groups 
recommended that some of these longer “lithology” holes 
should be supplemented by shorter holes to characterize the 
nature and extent of lateral heterogeneity.

A popular idea among workshop participants was to send 
both core and scientists to use the IODP research drilling 
vessel JOIDES Resolution (JR) during the time that the ves-
sel is in port (approximately four months per year). In addi-
tion to the efficiency of using the dedicated core logging 
facilities on the JR, this idea appealed to us because it would 
include housing, meals, and potential 24-hour operations for 
a science party dedicated to the task at hand. This plan is 
incorporated in our full proposal to the ICDP.

Processes at Oceanic Spreading Centers

The Samail ophiolite, in the Sultanate of Oman and the 
United Arab Emirates, is the  world’s largest subaerial expo-
sure of oceanic crust and upper mantle. As for other ophio-
lites, the presence of continuous layers of pelagic and metal-
liferous sediments, submarine lavas, sheeted dikes, and 
cumulate gabbros overlying residual mantle peridotite is 
similar to crust formed at intermediate- to fast-spreading, 
mid-ocean ridges (Nicolas et al., 2000). Geochemical data 
suggest that the crust also has affinities with magmatic 
rocks in back-arc or fore-arc basins (Koepke et al., 2009; 
Pearce et al., 1981). The ophiolite has long been a testing 
ground for hypotheses about processes at spreading centers, 
including the following.

•	 ductile	 flow	 in	 the	 upper	 mantle	 (focused	 vs.	
plate-driven upwelling; Fig. 2) 

 [Ceuleneer et al., 1996; Nicolas and Violette, 1982]
•	melt	extraction	and	transport	in	the	mantle	(cracks	vs.	

porous conduits)
 [Braun and Kelemen, 2002; Kelemen et al., 1995; 

Nicolas, 1986]
•	 accumulation	 of	 melt	 in	 the	 crust-mantle	 transition	

zone 
 [Boudier and Nicolas, 1995; Korenaga and Kelemen, 

1997] 
•	 deformation	 of	 the	 lower	 crust	 (gabbro	 glacier	 vs.	

sheeted sills; Fig. 3)

Figure 2. The magmas from which oceanic crust crystallizes form via partial melting 
of the mantle as it rises and decompresses beneath spreading centers, driven by the 
divergence of the tectonic plates. The mechanism that drives focusing of the partial 
melts to form igneous oceanic crust over a narrow region (just a few kilometers 
wide at the spreading center) is not well understood. Is this due to focused melt 
transport coalescing within a wide region of solid mantle upwelling, or a result of 
highly focused solid upwelling? Study of melt transport veins and solid deformation 
structures in the mantle portions of the Oman ophiolite can resolve this question.
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 [Kelemen et al., 1997; Nicolas et al., 1988]
•	 near-ridge	 hydrothermal	 circulation	 and	 alteration	

(shallow vs. deep; Fig. 4)
 [Bosch et al., 2004; Coogan et al., 2002; Manning et 

al., 2000; VanTongeren et al., 2008]
•	melt	 transport,	 porosity,	 and	crystallization	 in	 lower	

crustal cumulates
 [Korenaga and Kelemen, 1998; Nicolas and Ildefonse, 

1996]
•	freezing,	intrusion,	stoping,	and	metamorphism	at	the	

dike-gabbro transition (Fig. 5) 
 [Boudier and Nicolas, 2011; France et al., 2009; 

MacLeod and Rothery, 1992; MacLeod and Yaouancq, 
2000]

•	 formation	 of	 chemical	 layering	 within	 the	 volcanic	
section

 [Alabaster et al., 1982; Godard et al., 2003]

Given the evident similarities and differences between 
the Samail ophiolite and mid-ocean ridges, investigations of 
the Samail ophiolite have generated hypotheses about ridge 
processes that are tested via seagoing research, and in turn 
observations from the oceans lead to refinement or modifica-
tion of ideas about the ophiolite. 

Proposed investigations in drillcore samples of the Oman 
mantle section include studies combining geochemistry to 
characterize mantle heterogeneity and crystallographic pre-

ferred orientations indicative of solid state mantle flow tra-
jectories, and studies of the relative age and spatial relation-
ships of melt transport features. The results will allow us to 
evaluate the nature and importance of “mantle diapirs” in 
Oman and to test hypotheses for the processes by which par-
tial melt from a region hundreds of kilometers wide in the 
mantle is focused into a 2–4 km-wide zone of crustal accre-
tion along oceanic spreading ridges (Fig. 2). 

Analyses of drillcore from the Oman lower crust will  
be used to address well-posed, long-standing, unresolved 
questions. These pertain to (1) the extent of porous flow 
versus magmatic injection in dikes and sills, (2) the extent  
of solid-state versus crystal mush deformation of the lower 
crust and its variation with depth in the crustal section 
(Fig. 3), (3) the modification of lower crustal composition 
during hydrothermal alteration, (4) the transition from rela-
tively coarse gabbros to fine-grained sheeted dikes, and  
(5) the role of fluids in controlling the nature and rate of cool-
ing of the lower crust. These factors provide the primary 
controls on heat and mass input from the mantle to the 
oceans, but their extent and interplay remain controversial 
after decades of discussion. Study of the pattern of chemical 
variation with depth, the extent of crystallographic preferred 
orientation, and zoning within minerals indicative of cooling 
rates over a variety of different temperature intervals should 
provide clear resolution of these issues, or at least compre-
hensive constraints on remaining hypotheses.

Mass Transfer into the Shallow 
Mantle above Subduction 
Zones

 A close correspondence between 
96–95-Ma igneous ages in the crust, and  
the oldest ages of metamorphic rocks along 
the basal thrust (~95–94 Ma), indicate that 
thrusting of the ophiolite over adjacent 
oceanic crust and nearby sedimentary  
rocks began during or immediately after  
initial formation of igneous crust (Rioux  
et al., 2012a, 2012b). Metamorphic rocks 
emplaced along the basal thrust, between 
overlying peridotite and underlying meta-
sediments, record hot subduction zone  
conditions up to 800°C–900°C and 650– 
900 MPa (Ghent and Stout, 1981; Hacker 
and Gnos, 1997). In some localities at much 
shallower depths and lower temperatures, 
hanging wall peridotites underwent 100% 
carbonation at 100°C–200°C to form rocks 
composed entirely of magnesite + quartz +  
chromite (Kelemen et al., 2011; Fig. 6),  
suggesting that the “leading edge of the 
mantle wedge” may be a globally impor-
tant, hitherto unappreciated reservoir for 
carbon. 

Figure 3. The lower oceanic crust forms from subsurface crystallization of igneous rock 
beneath spreading centers, forming gabbros. The site of crystallization is poorly known. 
Does all of the crystallization occur in a “shallow melt lens” near the surface, where heat can 
be extracted efficiently, after which gabbros undergo ductile flow downward and outward 
(left), or do gabbros crystallize in many stacked melt lenses throughout the crust (right)? 
Studies of chemical variation and crystal orientation in the lower crust of the Oman ophiolite 
can resolve this question. Modified from Kelemen et al. (1997).

Figure 4. Crystallization of gabbros in a shallow melt lens requires rapid removal of heat by 
hydrothermal convection in the upper crust. Crystallization of gabbros at a range of depths 
requires hydrothermal circulation down to the base of the crust. Measurement of mineral 
zoning in Oman gabbros, interpreted in terms of cooling rates, will resolve which was 
predominant.
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Mapping and sampling outcrops of the 
basal thrust, spanning the contact between 
metasediments and the overlying mantle 
(Fig. 7), will allow direct study of chemical 
and physical processes of mass transfer in  
a subduction zone. Because the thrust 
beneath the Samail ophiolite was young 
and hot, observations there will be inter-
preted in the context provided by investi-
gations of other settings, especially along 
active subduction zones in different stages 
of evolution. In the context of research to be 
addressed via drilling in Oman, ideas and 
observations outlined above can be quantified via detailed 
1-D geochemical and structural transects in drillcore(s), 
combined with detailed mapping of the surrounding 3-D 
geology. Of particular interest will be identifying the footwall 
source(s) of carbon-rich fluids, the mechanical processes of 
fluid migration, the diffuse or localized nature of hanging 
wall alteration, the overall balance of low temperature mass 
transfer, the pressure and temperature range over which 
mass transfer was active, and the extent to which Oman 
observations can be extrapolated to subduction zones 
worldwide.

Ongoing Weathering and Present-Day 
Hydrology

Pioneering studies of peridotite-hosted alkaline springs 
(Neal and Stanger, 1985; Fig. 8a) and bedrock hydrology 
(Dewandel et al., 2005) in the ophiolite are now 
commonly-cited foundations for research on weathering  
of peridotites, focused primarily on mineral hydration (ser-
pentinization), mineral carbonation, and generation of H2 
and CH4 (Boudier et al., 2010; Kelemen et al., 2011; Oeser et 
al., 2012). Closed-system interpretation of 14C data yields 
ages of 0 kyr to >50 kyr for carbonate veins in serpentin- 
ized peridotites (Fig. 8b), with an average of about 26 kyr, 
and a similar range in ages of travertine terraces at alkaline 

springs (Clark and Fontes, 1990; Kelemen and Matter, 2008; 
Kelemen et al., 2011). These young ages are consistent with 
mineral thermometry indicating near-surface crystallization 
at 20°C to 60°C (Streit et al., 2012), and with observations of 
alkaline spring water (Paukert et al., 2012), demonstrating 
that subsurface serpentinization and mineral carbonation 
are active, ongoing processes in Oman. Perhaps this is not 
surprising, given the huge reservoir of chemical potential 
energy represented by outcrops of peridotite far from equi-
librium with the high fO2, fH2O and fCO2 in the atmosphere 
and surface waters. Presumably, the resulting steep chemi-
cal gradients, particularly in redox potential, support an 
abundant and unique subsurface microbial ecosystem, but in 
Oman this is essentially terra incognita, and studies of simi-
lar niches elsewhere have yielded strikingly low cell densi-
ties and species diversity (D. Cardace, M. Schrenk, A. 
Templeton, I. Tiago, pers. comm., 2012).

Biogeoscience

There is increasing recognition that investigating ongo-
ing alteration and the related subsurface microbial eco- 
system in the Samail ophiolite holds as much promise—for 
contributing to fundamental understanding of global 
processes—as studying the Cretaceous formation and evolu-
tion of oceanic plates in Oman. On-land studies will comple-
ment observations from similar, submarine systems. Thus, 
proposed IODP drilling of Atlantis Massif in the vicinity of 
the Lost City hydrothermal system (IODP Proposal 
758-Full2), a site of ongoing peridotite alteration near the 
Mid-Atlantic Ridge, will form a fertile partnership with stud-
ies of similar systems in Oman. 

Investigations of ongoing alteration and the associated 
subsurface biosphere are ideally suited to studies of cores 
and in boreholes. Cores will be used to observe the vertical 
extent and distribution of vein lithologies and diffuse altera-
tion, small-scale variation of fracture density and permeabil-
ity, and the pore-scale habitat of microbial communities. 
Downhole measurements and fluid sampling will determine 
the multi-scale variation of fluid composition and flow, crack-
aperture, porosity, permeability, temperature, stress, micro-
bial density, and species diversity. In-hole experiments will 
determine geochemical transport properties and allow 

Figure 6. Fully carbonated lenses (magnesite + quartz + chromian 
spinel) within partially serpentinized mantle peridotite, near the base 
of the Samail mantle section where peridotites were thrust over 
metasediments. The lenses are parallel to the basal thrust. The thinner 
lower lens is about 10 m thick; the thicker upper lens is about 200 m 
thick. Together, they contain about one billion tons of CO2 in solid 
carbonate minerals.

Figure 5. Gabbros intruding and stoping blocks of hydrothermally altered sheeted dikes in 
the Wadi Gideah section of the Wadi Tayin massif. Studies of such dike-gabbro transitions will 
provide essential information on the nature of heat and mass transfer between oceanic lower 
crust, upper crust, and the oceans. From France et al. (2009).
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the presence of fully carbonated and hydrated (serpen-
tinized) peridotites demonstrate that this is not always the 
case. 

Under what conditions do natural systems avoid these 
negative feedbacks and produce 100% carbonation? One key 
seems to be that, under some circumstances, increasing 
solid volume—due to addition of H2O and CO2, and to 
decreasing solid density—leads to increasing stress and 
fracture, which in turn provides continuing access for fluids 
to reactive mineral surfaces in a positive feedback mechan-
ism that produces a network of fractures at the grain scale 
(Kelemen and Hirth, 2012). Understanding reaction-driven 
cracking is important for engineered, in situ mineral carbon-
ation but also could be applied to extraction of unconven-
tional hydrocarbon resources and improving geothermal 
power generation. However, the conditions that lead to run-
away, reaction-driven cracking are poorly understood.

How might we engineer these conditions?  What would  
be the environmental impacts of rapid, large-scale peridotite 
carbonation, for example, in terms of fluid composition 
and/or rock deformation? 

More information on this topic can be found in the report 
of the Workshop on Geological Carbon Capture and Storage 
in Mafic and Ultramafic Rocks (see Related Web Links).

microbial culture and incubation 
experiments. Hole-to-hole meas-
urements will characterize the 
nature and frequency of natural 
fracture events due to volume 
changes during ongoing alteration, 
changing temperature, and precip-
itation events. They will also moni-
tor microseismicity induced by flu-
id injection for permeability and 
geomechanical measurements, and 
monitor the results of reactive 
tracer experiments. 

Again, this very specific list of achievable, observational 
goals can be placed in a broader context. The factors we will 
measure control mass transfer between the atmosphere, the 
hydrosphere, and the lithosphere in the near surface envi-
ronment. They determine why some rocks preserve high 
temperature and pressure mineral equilibria, while others 
undergo complete hydration and carbonation to form min-
eral assemblages in equilibrium with surface waters, gener-
ating microbial habitats in the process. They control the 
rates of chemical and mechanical weathering and feedback 
between these processes. 

From a biogeoscience point of view, there is plenty of 
energy available for chemosynthesis in Samail peridotites 
near the surface (Ménez et al., 2012; Okland et al., 2012; 
Schulte et al., 2006; Shock, 1996). And, strikingly, the com-
bination of low fO2, reduced carbon species, and the pres-
ence of FeNi metal alloys (common during peridotite altera-
tion) promotes abiotic synthesis of complex hydrocarbon 
species (McCollom et al., 2010). Why have studies of perido-
tite alteration environments elsewhere found so little life? 
Are there nutrient limitations, or toxic constituents? Have 
investigators looked in the wrong places, or is this energetic 
but geochemically extreme environment inaccessible along 
almost all available evolutionary pathways? 

Mineral Carbonation in Peridotite for 
Geological Carbon Capture and Storage

The previous sections of this paper describe natural sys-
tems in which alteration has converted silicates in peridotite 
into Mg-Ca carbonate minerals, both in a ~200°C subduction 
zone setting and in the present day weathering environment. 
It has been proposed that understanding these natural min-
eral carbonation systems in Oman, which in some cases have 
formed carbonate minerals from all of the Mg and Ca present 
in peridotite protoliths, can provide insight into design of 
potential, engineered systems for geological capture and 
storage of carbon springs (Kelemen and Matter, 2008; 
Kelemen et al., 2011). It seems likely that reactions that 
increase solid mass and decrease solid density will grind to 
a halt, consuming porosity, destroying permeability, and 
armoring reactive surfaces with reaction products. However, 

Figure 7. Reddish area indicates approximate position of the Samail mantle section during thrusting 
over the metamorphic sole and metasediments of the Hawasina Group. Study of alteration of hanging 
wall peridotites underlying metasediments will provide an essential complement to studies of mass 
transfer in subduction zones worldwide. Modified from Oakley et al. (2007).

Figure 8. [A] Travertine at an alkaline spring in a peridotite catchment, 
near the village of Falaij, Oman. [B] Carbonate veins in serpentinized 
peridotite, near the town of Birkat al Mawz, Oman. 
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Synergy with the IODP Science Plan

Finally, most of the proposed drilling within the Samail 
ophiolite and associated scientific objectives should be seen 
in the context of the IODP Science Plan 2013–2023 and the 
specific IODP drilling Proposal 805-MDP, which proposed 
the Mohole to the Mantle Project (M2M), for drilling a com-
plete section of oceanic crust into the underlying mantle  
in the Pacific. While Oman drilling and ocean drilling into 
the mantle are very different in their overall scale, techno-
logical requirements, and associated budgets, they are also 
extremely complementary. Oman drilling provides an 
opportunity to evaluate IODP strategies at a relatively low 
risk. Scientists often ask, what can be learned from a 
one-dimensional sample through a three-dimensional object 
such as an oceanic plate? One clear and valid answer, of 
course, is that if you don’t go, you won’t ever know. But scien-
tific drilling in the Samail ophiolite provides opportunities 
for a more subtle and quantitative response. In Oman, we can 
make observations in drillcore, and then in many cases map 
the surrounding three-dimensional geology at any desired 
scale. Thus, we can determine—just as a simple example—
the statistics of serpentine vein density in olivine in 100 m of 
drillcore, and compare them to the values for samples from 
surrounding outcrops with significant structural relief at a 
density of one sample (or 10, or 100, or 1000) per km3. Such 
comparisons can provide a statistically valid answer to the 
question, how representative is a single drillcore, and hence, 
help guide coring and offset hole strategies and the choice of 
geophysical logging techniques within a full crustal drill 
hole in the oceans.

Likewise, the hypothesis that ophiolites are closely analo-
gous to in situ oceanic crust has often been challenged 
because most, if not all, ophiolites are believed to have 
formed in supra-subduction zone environments. Also, the 
Samail ophiolite was affected by thrust tectonics during or 
very soon after its formation. Yet, the layered structure of 
ophiolites, and particularly the Samail ophiolite, has been 
central to our paradigm for the structure of Pacific Ocean 
crust. How representative are specific features of ophiolites, 
with respect to “normal” oceanic crust formed at mid-ocean 
ridges such as the East Pacific Rise? This question can be 
dramatically addressed by sampling oceanic lower crust and 
upper mantle in the Pacific. This endeavor is one of the major 
challenges highlighted in the IODP Science Plan 2013–2023, 
and the topic of IODP Proposal 805-MDP. Meanwhile, we 
will continue the decades-long, highly productive dialogue in 
which ophiolite studies lead to hypotheses and issues best 
addressed by seagoing studies, and in which marine obser-
vations inform ongoing ophiolite research. Ophiolite drilling 
can provide a 3-D understanding of the scale of crustal and 
mantle heterogeneity that is difficult or impossible to achieve 
via ocean drilling. Drilling in Oman will use simple, locally 
available technology, at about two orders of magnitude lower 
cost than drilling through Pacific crust. By contrast, drilling 
through the crust and into the mantle in the Pacific will pro-

vide unique samples from an environment that has never 
been visited, and which is more inaccessible and much less 
well known than the surface of the Moon.

Conclusion

Our workshop and the related full proposal to the ICDP 
have outlined a community consensus plan for scientific 
drilling in the Samail ophiolite in the Sultanate of Oman. 
Drilling will address long-standing, well-posed questions 
about the nature of solid upwelling and focused melt trans-
port in the mantle beneath spreading centers, the igneous 
and metamorphic processes essential to the formation of 
oceanic lower crust in an intermediate- to fast-spreading 
environment, and ongoing processes of weathering and 
alteration of mantle peridotite exposed to reaction with sur-
face waters. Understanding natural weathering processes, 
including mineral carbonation, can aid in future design of 
proposed engineered systems for geological carbon capture 
and storage and, more generally, design of systems using 
“reaction-driven cracking” to create a fracture network at 
the grain scale to extract unconventional hydrocarbon 
resources and improve geothermal power generation. We 
will explore the frontier area of microbial ecology within 
peridotite undergoing active alteration, with implications for 
abiotic hydrocarbon synthesis, the origin of life, and life in 
extreme environments. Oman drilling has synergies with 
IODP projects, including proposed drilling at the Lost City 
hydrothermal system in the Atlantic. It will provide an inex-
pensive and immediate opportunity to greatly optimize hole 
design, coring and logging programs for drilling into the 
mantle within Pacific ocean crust, and thus additionally pro-
vide a much needed context for reaping the maximum scien-
tific benefits from that huge technical and financial endeavor 
in the future.  
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