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RIDGE 2000 SCIENCE PLAN

AN INTEGRATED, MULTIDISCIPLINARY INITIATIVE
TO STUDY THE RELATIONSHIPS BETWEEN PLANETARY
RENEWAL AND LIFE IN THE DEEP OCEAN

Earth’s ocean floors are vast,young volcanic prov-
inces.Image courtesy of Peter Sloss, NOAA, Na-
tional Geophysical Data Center, Boulder, CO.

A tubeworm colony on the East Pacific Rise at
9° N. High-definition video image taken from
DSRV Alvin using a system developed by Bill
Lange. Image courtesy of Richard Lutz, Rutgers
University.

A “snowblower” vent on the East Pacific Rise
ejects clouds of biogenic material in the aftermath
of a seafloor eruption. Image courtesy of Tim
Shank, Woods Hole Oceanographic Institution.

RENEWAL BY AGING

A vast volcanic province beneath the deep oceans covers more than
half of our planet’s surface. Within this province, the oceanic crust is
continually renewed by volcanic and hydrothermal activity along the
global mid-ocean ridge system. This renewal process determines the
shape of the ocean basins, thereby influencing the circulation and com-
position of our oceans and, indirectly, broad climate patterns. Para-
doxically, this renewal is a direct result of planetary aging as convective
cooling transfers energy and material from Earth’s deep mantle to the
crust and ocean.

LIFE WITHOUT SUNLIGHT

Volcanic and hydrothermal processes associated with the global mid-
ocean ridge system support a potentially vast, complex ecosystem on
and beneath the deep ocean floor. The unique organisms at hydrother-
mal vents and their extraordinary adaptations to their extreme and
ephemeral habitats have fascinated academic researchers and public
alike. The discovery of microbes in the subseafloor is among the most
remarkable scientific findings of the twentieth century and has become
a powerful motivation for research and exploration in the opening de-
cade of the twenty-first. Indeed, subseafloor volcanic ecosystems may
represent both the cradle of life on Earth and a model for exploration of
life on other planets.

FROM MANTLE TO MICROBES

Seafloor ecosystems are inextricably linked to, and perhaps an inevi-
table consequence of, the flow of energy and material from Earth’s deep
mantle, through the volcanic and hydrothermal systems of the oceanic
crust, to the deep ocean. The direct linkages between life and planetary
processes at the mid-ocean ridge can only be understood through tightly
integrated studies across a broad range of disciplines in geophysics,
geology, chemistry, biology and oceanography.



RIDGE 2000

This RIDGE 2000 Science Plan is the product of three
highly interdisciplinary planning meetings attended by
more than two hundred scientists. Attendees strongly
endorsed the creation of a RIDGE 2000 program that will
work towards a comprehensive, integrated understand-
ing of the relationships among the geological and geophysi-
cal processes of planetary renewal at mid-ocean ridges and
the seafloor and subseafloor ecosystems that they sup-
port. Studies under this new program will be defined by
an integrated, whole-system approach encompassing a
wide range of disciplines, and a progressive focus within

scientifically defined, limited geographic areas.



OVERVIEW

RIDGE 2000 is a new community-based, multidisci-
plinary initiative that builds directly on the successes
of the RIDGE Program. The scientific motivation for
RIDGE 2000 is encapsulated in the phrase, “from
mantle to microbes...,” which expresses the inextri-
cable linkages between processes of planetary renewal
in the deep ocean and the origin and evolution of life
in the absence of sunlight.

RIDGE 2000 program activities fall under three main
themes:

* Integrated Studies — Multidisciplinary studies fo-
cused within a small number of pre-selected “type”
areas and designed to characterize these units of the
global mid-ocean ridge system as integrated volcanic,
tectonic and biological systems.

« Exploratory Studies — Less-inclusive suites of nested
mesoscale studies targeted to elucidate biodiversity
and biogeography, especially in terms of their rela-
tionships to patterns of geological and tectonic vari-
ability along the global mid-ocean ridge system.

« Time-Critical Studies — A program to enhance de-
tection of volcanic and other transient events on the
mid-ocean ridge and to facilitate rapid-response mis-
sions that can observe, record and sample critical tran-
sient phenomena as they happen.

Within each of these themes, the RIDGE 2000 Sci-
ence Plan identifies several fundamental questions
that need to be solved, and recommends methods for
attacking them. The Plan also outlines technological
requirements for making observations and carrying
out experiments in the harsh environment of the mid-
ocean ridge, and infrastructure requirements for meet-
ings, workshops, and enhanced data management.
Budgets are discussed in Appendix A.

Relative to RIDGE, RIDGE 2000 has an expanded in-
tellectual scope and a more focused range of scien-
tific priorities. There is a much greater emphasis on
hydrothermal ecosystems, and especially on under-
standing these systems in a broad volcanic and tec-
tonic context.

In addition to the substantial benefits to the individual
scientific fields, RIDGE 2000’s multidisciplinary, in-
tegrated approach is certain to yield major, unantici-
pated scientific discoveries at the interfaces between
the disciplines.



RIDGE 2000 AND...

..OCEAN SCIENCES PLANNING DOCUMENTS

The last few years of the millennium have seen a flurry
of planning activities within NSF, the National Acad-
emies and elsewhere. For NSF’s Division of Ocean Sci-
ences, the culmination of this planning process was
the release (in December 2000) of “Ocean Sciences
at the New Millennium,” a report prepared by a spe-
cial NSF “Decadal” Committee. This committee was
asked to identify “the most important and promising
opportunities for scientific discovery ... in the next
decade.” Its report will form the basis for long-range
planning for the Division.

RIDGE 2000’s scientific objectives are consistent with
those of the “Ocean Sciences at the New Millennium”
report and with an earlier NSF report on the Future
of Marine Geology and Geophysics (FUMAGES). Al-
though the RIDGE 2000 Science Plan was produced
independently of the other two planning documents
(there were very few contributors in common), RIDGE
2000 objectives are integral to three of the five “New
Directions” identified in the FUMAGES Report, and
to two of the seven science themes and three of the
key “Findings” of the “Millennium Report.” RIDGE
2000 and the “Millennium Report” both emphasize
far-reaching collaboration across disciplines and
across organizational boundaries within NSF.

In common with virtually all of the recent planning
documents in earth and biological sciences, the
RIDGE 2000 Science Plan focuses on the need for
science that will:

« study natural processes and their variability over a
range of time and space scales;

« integrate across a broad disciplinary spectrum;

« develop a quantitative, whole-system understand-
ing of large-scale natural processes.

A complementary theme of recent NSF planning is
bringing science, in real time, to teachers, students
and the general public. Many RIDGE scientists have
recognized the importance of such education and
outreach activities. Interactive web sites and teacher
participation have become common adjuncts to
RIDGE research cruises (see box below). RIDGE 2000
must encourage scientists to seek resources to con-
tinue and further develop quality education and out-
reach activities.

SOME RIDGE-RELATED WEB SITES
« ridge.oce.orst.edu/links/edlinks.html

« earthguide.ucsd.edu/mar

< www.ocean.udel.edu/deepsea

= science.whoi.edu/DiveDiscover

- www.marinetech.org/nine_degrees

< www.ocean.washington.edu/outreach/revel

= newport.pmel.noaa.gov/nemo/



RIDGE 2000 AND...

..COLLABORATION WITH OTHER PROGRAMS

RIDGE 2000 will closely collaborate with several ocean RIDGE 2000 Integrated Study Sites.

sciences programs including:
prog g e Global Dynamics, a proposed program to study

« Margins, a program focused on the characterization mantle flow and structure, which potentially incor-

of passive continental margins and destructive plate
boundaries. Together, RIDGE 2000 and Margins en-
compass the creation and destruction of Earth’s
plates. The programs intersect in back-arc basins
and in the Red Sea and Sea of Cortes where spread-
ing centers occupy narrow continental rifts. Mar-
gins and RIDGE 2000 have common development
needs in technology, computational tools, data and
sample management and education. The intellec-
tual benefits to each program of co-located activi-
ties will be substantial.

the Ocean Drilling Program (ODP) and its succes-
sor, the Integrated Ocean Drilling Program (IODP).
These drilling programs will interact with RIDGE
2000 activities primarily at Integrated Study Sites
where there is strong overlap in objectives related
to the formation and aging of the oceanic crust, hy-
drothermal circulation and its effects, and the na-
ture of life in the subseafloor.

the new Ocean Observatories program, which is
concerned with the development of autonomous
seafloor observatories. (This program evolved from
the earlier DEOS program and includes Neptune, a
major effort to establish a cabled observatory.)
Ocean observatories are likely to provide major in-
frastructure that will greatly enhance monitoring
and real-time data collection for at least some

porates and expands the mantle imaging objectives
for at least some RIDGE 2000 Integrated Study Sites.

« Mid-Ocean Ridge Ecosystem studies, which are also
prime candidates for funding from some NSF-wide
initiatives such as LEXEn and Biocomplexity, and
could substantially enrich and expand efforts at any
of the RIDGE Integrated Study Sites.

RIDGE 2000 programs also have substantial overlap
with other federal programs. Key among these are:

 NOAA's Pacific Marine Environmental Laboratory
(NOAA/PMEL), which has been a vital partner since
the inception of the RIDGE Program. PMEL scien-
tists maintain the NEMO Observatory on the Juan
de Fuca Ridge, process real-time seismic data from
the NE Pacific through the US Navy SOSUS hydro-
phone array and conduct a broad range of collabo-
rative mid-ocean ridge research.

« NASA's Astrobiology Program, which is concerned
with the origin and evolution of life on Earth and
potentially on other planets. Hydrothermal ecosys-
tems are of particular relevance to this mission.



RIDGE 2000 AND...

..THE RIDGE PROGRAM

RIDGE 2000 was conceived as a direct successor to
the RIDGE Program, a decade-old, community-based
NSF initiative dedicated,

“to understanding the geophysical, geochemical and
geobiological causes and consequences of energy and
material transfer, from the Earth’s mantle to the hy-
drosphere and biosphere, along the globe-encircling
mid-ocean ridge system.”

The RIDGE Program has been remarkable, perhaps
unique, in developing both a culture and an infrastruc-
ture for cooperative interdisciplinary research across
a broad spectrum of the earth, ocean and biological
sciences.

Scientifically, the RIDGE program has spearheaded a
decade of discovery and exploration along the global
mid-ocean ridge system, supported comprehensive
studies of specific areas and fostered real-time detec-
tion of and rapid response to volcanic eruptions and
related “events.” Highlights of the decade include:

« exploration, mapping and basic geological sampling
of vast, previously unknown segments of the global
mid-ocean ridge system;

= imaging mantle flow patterns and probing the ori-
gin of magmas using geophysical and geochemical
techniques;

e probing magma distribution patterns in the upper
and lower crust through geophysical and petrologi-
cal studies;

« discovering and documenting active volcanic hydro-
thermal and biological systems;

« discovering and characterizing diverse macro- and
microbiological communities that thrive on the deep
seafloor in the absence of sunlight;

« elucidation of novel physiological pathways and bio-
chemical abilities in vent micro- and macrobiota;

« detecting several seafloor eruptions and mounting
rapid-response visits to the eruption sites;

e measuring active deformation of the seafloor using
in situ instruments;

« discovering previously unknown subseafloor micro-
bial communities composed of both bacteria and
Archaea, including some of the most ancient of ex-
tant organisms.

Accompanying these field-based discoveries has been
a remarkable technological evolution.

« Deepsea mapping and imaging are now possible at
resolutions approaching those available on land.

« Shipboard seismic techniques are now able to im-
age magma reservoirs in the oceanic crust.

« Seafloor seismic and electromagnetic techniques are
beginning to delineate solid and melt flow patterns
in the mantle.

< Physical, chemical and biological sensors are pro-
viding time-series records of active vent systems and
seafloor deformation.

< Long-term seafloor observatories with real-time data
links to shore are being established.

< Avariety of vent animals and microbes can now be
maintained in the laboratory under conditions mim-
icking their natural habitat.

< New autonomous and remotely operated undersea
vehicles are increasingly providing close-up obser-
vations and the ability to monitor and/or manipu-
late hydrothermal and biological systems.

< Autonomous hydrophones provide a long-term seis-
mic monitoring capability covering long sections of
the mid-ocean ridge.



RIDGE 2000

INTEGRATED STUDIES

FOCUSED, WHOLE-SYSTEM STUDIES
OF GLOBAL MID-OCEAN RIDGE PROCESSES

The Integrated Studies theme of RIDGE 2000 ad-
dresses the complex, interlinked array of processes
that supports life at and beneath the seafloor as a con-
sequence of heat and material transfer from Earth’s
deep mantle to the crust and overlying ocean.

OVERARCHING GOAL

To develop focused, quantitative, whole-system mod-
els through coordinated, integrated and interdiscipli-
nary experiments at a small number of sites.

To achieve this goal requires an understanding of the
interactions and linkages among all the components
of this complex system. Examples of important link-
ages include those between:

« hydrothermal plumes and ocean circulation;

« hydrothermal plumes, ocean chemistry and pelagic
biological activity;

< hydrothermal circulation, hydrothermal chemistry,
and the dynamics and distribution of seafloor and
subseafloor communities;

« hydrothermal chemistry, crustal structure and rock
geochemistry;

 ridge structure and morphology, tectonic and mag-
matic processes and hydrothermal circulation;

+ mantle flow patterns, melt formation, melt segrega-
tion and the structure and composition of the oce-
anic crust.
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Figure 1. Schematic cross section of a mid-ocean ridge with some of the linked compo-
nents of the system indicated in the inset. Figure prepared for this report by David Reinert,
Oregon State University.



FUNDAMENTAL QUESTIONS

The following seven questions illustrate the breadth
and scope of the interactions and linkages that must
be addressed to construct reasonable, whole-system
models:

Question 1. How and to what extent does hy-
drothermal flux influence the physical, chemi-
cal and biological characteristics of the overlying
ocean?

Question 2. What is the nature and space/time
extent of the biosphere from deep in the
subseafloor to the overlying water column?

Question 3. What are the forces and linkages
that determine the structure and extent of the
hydrothermal biosphere?

Question 4. How does biological activity affect
vent chemistry and hydrothermal circulation?

Question 5. How does hydrothermal circulation
impact characteristics of the melt zone, crustal
structure and composition, and ridge morphol-

ogy?

Question 6. How is melt transport organized
within the mantle and crust?

Question 7. What are the relationships among
mantle flow, mantle composition, ridge morphol-
ogy and segmentation?

To answer these questions requires developing a com-
plete description of the mid-ocean ridge system
through integrated, concurrent and collocated stud-
ies of a limited number of representative type areas.

Q1. How and to what extent does hydrothermal flux
influence the physical, chemical and biological char-
acteristics of the overlying ocean?

Hydrothermal circulation cools the lithosphere, trans-
ferring heat and material to the ocean by way of both
high-temperature focused vents and low-temperature
diffuse flows.

The compositions of vented fluids are determined by
water-rock reactions over a wide range of tempera-
tures and pressures, microbially mediated reactions
within the subseafloor biosphere, and mixing of sea-
water into circulating hydrothermal fluids within the
complex subseafloor hydrologic system.

Around diffuse flows, mineral deposits and complex
biological communities develop within the volcanic
rocks and overlying sediments. The effects of diffuse
flows on the chemistry and circulation of the overly-
ing ocean are largely unquantified but may be signifi-
cant.

Above high-temperature hydrothermal vents, buoy-
ant plumes ascend as high as several hundred meters
above the seafloor until they achieve neutral density.
Each plume is an evolving, complex mixture of gas-
enriched vent fluid, dissolved and particulate mate-
rial, microbial biomass and entrained seawater.
Ongoing, commonly microbially mediated, chemical
transformations precipitate a portion of the material
flux as metal sulfides, oxides and sulfates, removing
material from the water column and altering the
chemical and biological composition of deep-sea sedi-
ments. Dispersal of the remaining hydrothermal prod-
ucts by a range of physical, chemical and biological
processes may have significant impacts on the ocean.



Q2. What is the nature and space/time extent of the
biosphere from deep in the subseafloor to the overly-
ing water column?

At a number of well-studied, high-temperature vent
sites the dominant faunas are well known, but dis-
covery of new species continues at a rapid rate. Stud-
ies of temporal changes in community composition
at different vent types are also in their infancy and
accurate estimates of biomass have not been made.
Microbes have been sampled from a number of vent-
related niches, including interiors of chimneys, ex-
posed surfaces and plumes. Cultures of numerous
strains of Archaea and bacteria have been obtained,
but it is not known whether these cultures fully rep-
resent the genera or even the metabolic motifs of the
microbial dominants. Population densities are also
virtually unquantified.

The existence of microbial communities in the
subseafloor of the mid-ocean ridge has been inferred
from three main sources:

« observation of “snowblower” vents that eject clouds
of abundant biogenic material in the immediate af-
termath of seafloor eruptions;

* microscopic studies of geological samples showing
distinctive patterns of microbial degeneration of vol-
canic glass;

« cultures of extremophile microorganisms from hy-
drothermal plume samples that can only be de-
rived from high-temperature, subseafloor habitats.

This subseafloor biosphere has not been directly
sampled and none of its characteristics is known with
confidence. Characteristics of the subseafloor bio-
sphere that require investigation include:

= its extent, continuity and standing biomass;

« the dominant metabolic types or genera;

< outputs to the ocean floor, and the extent to which
they may be driven by eruptions or other magmatic
and tectonic events;

« whether snowblower vents represent transient en-
hanced production or samples of existing
subseafloor biota;

« finally and provocatively, whether metazoans also
exist in the subseafloor.

Q3. What are the forces and linkages that determine
the structure and extent of the hydrothermal bio-
sphere?

Organisms that live in seafloor and subseafloor envi-
ronments along the global mid-ocean ridge system
depend upon chemical transformations that occur in
an energy-rich, agueous environment that ultimately
is dependent upon deep-earth processes.

Hydrothermal activity directly impacts the type, abun-
dance and distribution of life beneath, at and above
the seafloor. Hydrothermal energy flux is the domi-
nant control on primary productivity and standing-
stock biomass, while hydrothermal fluid temperature
and composition control species diversity through two
opposing effects. Diversity is enhanced by the ability
of microbial populations to utilize a startling variety
of metabolic pathways based on a variety of reduced
elements and compounds including, Mn-Mn oxides,
FeS-Fe-FeO, H,S-5-SO,, CH,-CO-CO,,. Diversity is lim-
ited by high temperatures and toxic heavy-metal con-
centrations and, for metazoans, by low oxygen. Less
obvious physical controls that are unique to hydro-
thermal ecosystems include the abundance of steep
gradients in temperature and chemistry, and the in-
stability of the habitat on scales from seconds to de-
cades.

Biological interactions also play a major role in struc-
turing hydrothermal communities. These interactions
include predation, competition and facilitation, as well
as larval and recruitment dynamics. The latter will be
strongly influenced by the behavior and characteris-
tics of hydrothermal plumes.



Q4. How does biological activity affect vent chemis-
try and hydrothermal circulation?

Hydrothermal fluid flow through cracks and pores
within the oceanic crust provides a rich environment
for subseafloor biological communities. There is
emerging evidence that microbially mediated disso-
lution and precipitation reactions at fluid-rock sur-
faces provide strong feedback, modulating
hydrothermal fluid flow by changing the surrounding
rocks’ porosity and permeability. Microorganisms con-
sume inorganic and organic materials from both flu-
ids and rock substrates, returning particulate and
colloidal biological materials to the hydrothermal flu-
ids, fundamentally altering fluid composition.

Changes in fluid composition may limit or enhance
growth of microbial or metazoan populations in down-
stream environments, including those at the seafloor
and in the water column. Both in the subseafloor and
in vent chimneys, constantly shifting flow patterns
may both reflect and influence microbial growth pat-
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Figure 2. Microbially mediated alteration of volcanic glass from an ODP drillhole on the

Southeast Indian Ridge. Microbial tubules can be seen along the boundary between clear
volcanic glass and brown alteration products. Image courtesy of ODP Leg 187 Science Party.
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terns. The transient success of microbes in a particu-
lar place may inhibit flow, shifting downstream flow-
patterns and modifying critical nutrient supplies with
significant impacts on overlying or downstream
macro- and microorganisms.

As the ocean crust moves away from the spreading
axis, microbes may play an important role in crustal
alteration. Microbially mediated dissolution of volca-
nic glass and minerals, precipitation of secondary
minerals and growth of biomass will interact to con-
tinuously modify permeability as the crust cools and
ages.

Examples of important problems that can be addressed
through focused Integrated Study programs include:

« What is the range of thermal and chemical condi-
tions over which microbially mediated reactions oc-
cur in the subseafloor? What is the range of possible
chemical reactions?

< How quickly, and in what manner, does the growth
and distribution of subseafloor biomass impact per-
meability?

« Are particular microbes associated with particular
conditions and/or styles of alteration? Do they cre-
ate a geological record of temporal and spatial
changes in flow patterns?

If answers to such questions can be obtained from
drill holes or by other means, they will enable the
development of increasingly realistic models for the
evolution of hydrothermal chemistry and fluid circu-
lation in new oceanic crust as it moves away from the
axial neovolcanic zone.



Q5. How does hydrothermal circulation impact char-
acteristics of the melt zone, crustal structure and com-
position, and ridge morphology?

As the dominant cooling mechanism for new lithos-
phere formed at spreading centers, hydrothermal cir-
culation is strongly linked to magma supply and crustal
thermal structure. Cracking and faulting in response
to hydrothermal cooling may create new fluid path-
ways, modifying circulation and thermal structure,
and potentially influence the geometry and location
of new magma bodies. Hydrothermal circulation may
influence the size and distribution of magmatic heat
sources, which will in turn influence the geometry
and vigor of hydrothermal circulation.

There is also a strong possibility that, in some places,
hydrothermal circulation may influence the thermal
and rheological properties of the upper mantle where
melts are produced. Chemical reactions controlled by
hydrothermal circulation may even influence magma
composition by introducing water, chlorine and other
seawater-derived components into melts.

Examples of questions that address the problem of
how fluids, rocks and melts interact beneath spread-
ing centers include:

« How do the geometry and vigor of hydrothermal
circulation vary along-axis? Are observed variations
reflected by variations in lava composition on com-
parable scales?

« Can variations in hydrothermal circulation patterns
be interpreted in terms of magma supply rates, and
the location, size or shape of magma reservoirs? Can
they be interpreted in terms of variations in melt-
ing temperature and/or mantle composition?

< Do variations in the geometry and vigor of hydro-
thermal circulation reflect variations in crustal
structure and morphology? Do such variations re-
flect hydrothermal cooling effects on buoyancy,
strength or other characteristics of the lithosphere?

< Do different volcanic or tectonic terrains support
different circulation patterns? Do the distributions
of diffuse and focused vents vary with geological,
tectonic or magmatic setting? What is the relative
importance of permeability structure compared to
variations in deep-seated heat sources in determin-
ing the distribution of surface discharge?

e How do fluid compositions vary spatially in rela-
tion to variations in hydrothermal circulation? Can
these variations be explained in terms of fluid-rock
interactions, flow geometry or depth of fluid pen-
etration?

< Under what conditions can water, chlorine or other
seawater-derived components be detected in seaf-
loor lavas? Conversely, under what conditions are
magmatic volatiles or other components important
constituents of hydrothermal fluids? What are the
potential impacts of such components on life below
or at the seafloor or on ocean compositions?

11



Q6. How is melt transport organized within the mantle
and crust?

Mantle melting is the fundamental source of the heat
and material fluxes that create new ocean floor, drive
hydrothermal circulation, and support and nourish
unique seafloor and subseafloor ecosystems. The dy-
namics of the mantle, mechanisms of mantle melt-
ing, the size and shape of the melting regime, and the
pathways by which melt accumulates and moves up-
ward from the mantle to the crust and seafloor are
understood only in broad outline.

Recent developments in electromagnetics and seis-
mic tomography have produced regional images of
mantle patterns and more local images of the lower
crust (see figures on opposite page) and we are now
poised to make real progress in understanding melt
distribution transport. Examples of problems that can
be addressed in the next few years include:

« How is melt transport organized in the mantle be-
neath spreading centers? Is melt flow focused to-
ward the ridge axis at depth, or does melt first
migrate vertically converging towards the axis only
when it reaches the sloping base of the lithosphere?
Is melt transported through a fractal network of
channels, or does it percolate through pores or
cracks in response to pressure gradients?

 What are the pathways by which melts pass from
the base of the crust to subseafloor magma cham-
bers and seafloor eruption sites?

« How do the location, size, shape and longevity of
magma chambers vary with tectonic or other vari-
ables?

12

e How are the plutonic rocks of the lower crust
formed? Is the lower crust formed entirely from
shallow magma chambers, or are there magma
chambers at various levels within the crust?

« To what extent does melt migrate along-axis? Does
migration occur in deep mush zones, in shallow melt
lenses or in subvolcanic dikes? What is the across-
axis width of the zone through which melt reaches
eruption sites on the seafloor? Are dikes the domi-
nant means by which magma reaches the seafloor
under all conditions of magma supply, spreading rate
or other factors?

e What is the frequency of individual magmatic
events, what proportion of events leads to a seaf-
loor eruption, and how far along-axis do individual
events propagate under different conditions?

« How do patterns of short-term variability and lon-
gevity of individual vents and hydrothermal fields
vary with the distribution of melt? How do specific
magmatic events affect hydrothermal circulation
patterns? Can circulation patterns be understood
in terms of the interactions with magmatic systems
or other variables?



Depth, km

9°28’N deval

9°35’N deval

Figure 3. Magma in the oceanic crust; Contoured low
velocity anomalies are shown beneath a perspective
map of part of the northern Mid-Atlantic Ridge. Con-
tour surfaces enclose warm regions in the oceanic crust
which are probable melt pathways (from Magde et al,,
2000, Earth Planet. Sci. Lett,, 175, 55-67). Image cour-
tesy of Doug Toomey and Laura Magde, University of
Oregon.

Figure 4. Magma in the oceanic mantle: Two di-
mensional contours showing low velocity anoma-
lies indicating warmer, melt-rich regions in the
mantle beneath the East Pacific Rise (Dunn,R.A.
et al, 2000, I. Geophys. Res., 105, 23,537). Image
courtesy of Rob Dunn, Brown University.

13



Q7. What are the relationships among mantle flow,
mantle composition, ridge morphology and segmen-
tation?

Mid-ocean ridges are naturally divided into tectonic
segments defined by transform faults and other smaller
offsets in the axis of spreading, and into magmatic
segments defined by abrupt changes in aspects of lava
chemistry that reflect the mantle source. This seg-
mentation divides the mid-ocean ridge system into
fundamental units, and there is a long-standing de-
bate as to its origin. Is segmentation created by a
mantle flow pattern that is largely passive, respond-
ing to a plate geometry that is controlled by stresses
in the plates? Or, is the segmentation geometry con-
trolled by convective flow patterns in the underlying
asthenosphere? We can use seismic tomography and
electromagnetic methods to distinguish between these
possibilities by mapping structures, such as crystal
fabric and melt distribution, that respond to stress
and thermal structure.

Segmentation patterns and axial morphologies vary
on a regional scale from axial highs to median val-
leys, primarily in response to spreading rate and/or
mantle temperature variations. Comparable variations
also occur on more local scales between adjacent seg-
ments, or even within individual segments in response
to local variations in magma supply and/or mantle
temperature. Theoretical models suggest that axial
morphology is directly controlled by the thickness and
thermal structure of the crust and lithosphere. To re-
fine and test such models, integrated seismic, elec-
tromagnetic and geophysical studies will be required
to define the structure of the deeper mantle and its
transition through the melt zone to the oceanic crust.
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Examples of problems in deep crustal and mantle
structure that can readily be addressed through
multidisciplinary, integrated studies of crustal and
mantle properties include:

« How do mantle flow patterns, mantle temperature,
mantle composition and distribution of melt in and
above the melting region vary with spreading rate
and other variables?

« How are mantle flow patterns, mantle temperature
and other variables reflected in the tectonic and pet-
rologic segmentation patterns of the ridge? Do dif-
ferent segmentation patterns correlate with specific
mantle attributes?

On a more local scale, isotopic and trace element
anomalies in lavas from a small number of Mid-Atlan-
tic Ridge segments have been interpreted as derived
from transient compositional anomalies in the mantle.
Are such anomalies physically detectable? Do they
physically enhance and concentrate mantle upwelling,
or does a more fertile mantle composition yield an
increased amount of melt, leaving the pattern of up-
welling unchanged?



SCOPE OF AN

It is proposed that the RIDGE 2000 Integrated Stud-
ies Program focus on six Integrated Study Sites, one
at each of the following ridge types: fast-spreading,
slow-spreading, intermediate-spreading, back-arc,
sedimented, mantle plume-influenced. Although the
predominant criterion for site selection should be its
suitability for an integrated, multidisciplinary inves-
tigation based on a suite of questions comparable in
scope to those outlined above, each site should be
defined to be as representative of its ridge type as
possible.

Site Selection Criteria

As far as possible, each RIDGE 2000 Integrated Study
Site should:

e encompass a representative variety of:

- micro- and macrofauna,

- hydrothermal venting styles, fluid and particu-
late compositions,

- rock types and compositions;

display a significant hydrothermal signature in the

water column;

e encompass a representative set of ridge offsets.

encompass a variety of morphological expressions;

be logistically feasible in terms of weather windows,

technological constraints, and port availability;

have sufficient background data available;

display significant potential for magmatic or tectonic

events.

INTEGRATED STUDY SITE

Complementary Studies

In addition to field studies performed at the formal
Integrated Study Sites, a complete Integrated Studies
program may include directly relevant analog, mod-
eling or experimental studies that are partly or en-
tirely performed onshore or at another off-site
location.

Analog Studies

Implicit in the Integrated Studies concept is a require-
ment that all field studies be performed at a geographi-
cally defined site and that theoretical and
experimental studies demonstrate a clearly defined
linkage to site-specific data. At certain sites, however,
critical information about one or more component(s)
of the integrated system will not be physically acces-
sible. In such cases, proposals for directly relevant,
“analog studies” designed specifically to compensate
for such a lack of accessibility should be encouraged.

Modeling studies

Modeling should be an integral part of any Integrated
Study program. Modeling programs may be tightly
focused or multidisciplinary, and should address both
large- and small-scale problems. They should enhance
our understanding of potential linkages and interac-
tions between data and observed or inferred processes.
Good models should generate or test hypotheses and
help to direct sampling and experimental studies. Ex-
amples of modeling targets include magma intrusion
into the crust, water-rock-magma interactions, re-
gional and local fluid circulation, stability and reac-
tivity of aqueous organics, and energetics of microbial
metabolism.
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Experimental studies

Laboratory studies that provide fundamental data and
observations relevant to the aims of one or more In-
tegrated Study Sites should be encouraged. Examples
of broad subjects for laboratory study include:

« processes of partial melting at high temperature and
pressure;

* magma and eruption dynamics;

« physical properties of cracked, hot and molten
rocks;

» fluid-rock-magma interactions and kinetics;

« chemical (organic and inorganic) and physical prop-
erties of fluids;

< interactions of microbes and other biota with flu-
ids;

« physiological tolerances and responses of hydrother-
mal biota.
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