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Abstract 

The vast majority of the Earth’s volcanism takes place in the deep ocean along mid-ocean 
ridges (MORs), yet because it is difficult to detect and observe, it is also relatively poorly 
understood.  MOR volcanism occurs where tectonic plates spread apart and mainly produces 
effusive basaltic fissure eruptions where dikes reach the surface. The character and frequency 
of volcanism varies greatly as a function of spreading rate and magma supply, as does the 
morphology of the ridge crest, the balance between volcanic construction and tectonic faulting, 
and the scales of ridge segmentation.  The depth and continuity of magma storage in the crust 
beneath MORs also depends greatly on the local magma supply in space and time.  The 
generation of MOR magmas is ultimately due to partial melting processes in the mantle where it 
rises beneath ridges due to plate spreading. 

Keyword lists: Spreading center, divergent plate boundary, ridge crest, neovolcanic zone, 
seafloor bathymetry, submarine eruption, pillow lava, magma supply, ocean crust, basalt 

 

1. Introduction 

 It is estimated that ~75% of Earth’s volcanic output occurs along the 65,000-km long 
global mid-ocean ridge (MOR) system, making it the dominant expression of volcanism on the 
planet.  Basaltic ocean crust formed at MORs is also the most common rock type on Earth’s 
surface, underlying the vast ocean basins that cover 71% of the planet (Fig. 1).  Yet, MOR 
volcanism in the deep sea is also the most difficult and challenging form of volcanic activity to 
detect and observe, because it occurs under the veil of the oceans and far from monitoring 
networks on land.  Even though many MOR eruptions likely occur on Earth every year, not a 
single historical eruption had been documented in the deep sea before 1991, when the first two 
were serendipitously discovered shortly after they had occurred [1].  Thus, MOR volcanism is 
not as well understood as volcanic activity on land, but our knowledge is growing rapidly thanks 
to recent research and technological advances (QR code #1).  
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Insert QR code #1 here for online “How To” video: “How Do We Study Submarine Volcanoes?” 

 

 

Figure 1.  Map showing the age of the seafloor and locations of mid-ocean ridges.  Relative 
widths of the 0-10 million year (m.y.) age seafloor (in red) reflects the variation in spreading rate 
on different mid-ocean ridges.  For example, the southern East Pacific Rise spreads at up to 15 
cm/yr, whereas the northern Mid-Atlantic Ridge spreads at only 2-3 cm/yr. 

 

 Understanding MOR volcanism is important because eruptions and hydrothermal activity 
represent major transfers of heat and chemical compounds from the solid earth to the oceans 
and are therefore key to understanding the global energy and chemical budgets of our planet. 
MOR hydrothermal systems also host extensive and unique ecosystems (SDG 14) on the 
seafloor and form massive sulfide ore deposits in the subsurface (SDG 7,12).  This is because 
circulating geothermal fluids can attain higher temperatures without boiling under the high 
pressure of the deep ocean, allowing them to efficiently leach and mobilize valuable elements 
out of the surrounding rocks.  This ore formation process, studied in modern MOR hydrothermal 
systems where those processes are active today, has transformed our concepts about ore-
forming systems and provides insights into ancient ore deposits now exposed in fragments of 
oceanic crust called ophiolites that have been thrust up on land. With international interest in 
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seabed mining of ore deposits on the rise, there is urgency to identify environmental impacts 
and ecosystem-based management practices for deep ocean environments (SDG 7, 12, 14). 

 Mid-ocean ridge volcanism occurs in a narrow zone ~5-30 km across where Earth’s 
tectonic plates are moving apart.  This divergent motion causes the underlying asthenospheric 
mantle to well up under spreading centers, leading to decompression melting that supplies 
magma to crustal reservoirs, which in turn feed intermittent effusive eruptions on the seafloor 
and form thick layers of coarse-grained gabbroic rocks in the subsurface.  Partial melting of the 
mantle mainly produces basaltic lavas that are erupted from fissures and fed by dikes.  
However, the character and frequency of MOR volcanic activity and the physical landforms it 
produces on the seafloor vary greatly as a function of spreading rate and magma supply.  The 
amount of magma, and therefore heat, delivered to the crust per unit time in a particular location 
strongly affects the temperature profile beneath the axis, with important consequences for 
magma storage and evolution, its availability for crustal construction, and ultimately the 
frequency, style, and dynamics of seafloor volcanism. 

Since plate spreading rate is a primary driver of decompression melting, ridges with fast 
spreading rates are expected to have higher average magma supply (the flux of magma per unit 
time) than ones with slow spreading. This is supported by the fact that the average thickness of 
the oceanic crust is ~6 km over most of the spreading rate range [2], suggesting a linear 
increase of the magma flux with spreading rate. Many fundamental characteristics of ridges 
have been shown to vary with spreading rate, including ridge morphology, segmentation, 
composition, and accretion style. In some locations however, magma supply is decoupled from 
spreading rate due to thermal or compositional anomalies in the mantle (e.g., spreading centers 
near hotspots or in back-arc settings), and numerous studies in recent decades have shown 
that magma supply is a key parameter driving many of the primary features of MORs [3]. 
Variations in magma supply generate a continuum in how plate spreading is accommodated, 
from mainly by magmatic processes (via dike intrusion and eruption) at the fast-spreading, 
magma-rich end of the spectrum, to mainly by tectonic processes (via normal faulting) at the 
slow-spreading, magma-poor end of the spectrum.  Different parts of this spectrum produce 
very different ridge crest morphology and patterns of ridge segmentation on the seafloor.  In 
general, there is more variability in MOR volcanism and tectonism at the slow- and ultra-slow 
spreading end of the spectrum, where magma supply can be highly variable in space and time. 

 The highest MOR spreading rates on the planet (>15 cm/yr) are found along the 
southern East Pacific Rise (EPR) west of Chile, whereas the slowest spreading rates (<2 cm/yr) 
are found along the Arctic ridges north of Iceland, at the Red Sea rift, on the Mid-Cayman Rise, 
and on the Southwest Indian Ridge south of Africa.  The effect of variable MOR spreading rates 
can be seen on a global map of seafloor age, with faster-spreading ridges creating more 
seafloor in a given amount of time (Fig. 1).  Another way to illustrate the range of spreading 
rates is the simple calculation that to create space for a 1-m wide dike, it would take 5-10 years 
of spreading on the southern EPR, but 50-100 years on the Arctic ridges. Spreading events are 
fundamentally intermittent and cyclic, with the frequency of eruptions depending on spreading 
rate and magma supply.  

 In stark contrast to the situation above sea-level where volcanic eruptions are easily 
observed and can have profound impacts on human lives, no deep-sea MOR eruptions have 
ever been directly witnessed (although a few eruptions in submarine volcanic arcs have been 
filmed [1].  On the other hand, since 1991 at least 20 historical eruptions on the submarine parts 



5 

of the global MOR system (not counting Iceland) have been documented in one of the following 
ways: (1) a combination of luck, good timing, and repeated time-series observations, (2) 
searching for hydrothermal plumes of unusual size and chemistry in the water column, (3) depth 
changes revealed by repeated bathymetric mapping produced by new lava flows [4], (4) remote 
detection using hydrophones, or (5) focused observatories with instrumental monitoring 
networks on the seafloor in a few locations. Nevertheless, many MOR eruptions that are 
undetected must occur each year. 

 This overview and description of MOR volcanism is an update on previous review 
papers [5].  Many of the concepts described below also apply to back-arc spreading centers, 
where similar volcanic processes occur but in a different tectonic environment.   

 

2. Mid-Ocean Ridge Eruptions 

 Because of their dominantly extensional setting, MOR eruptions are the underwater 
equivalent of dike-fed “curtain-of-fire” eruptions in volcanic rift zones on land.  However, the 
resulting eruptive products can be quite different in the submarine environment due to the 
confining pressure of the overlying water column, which restricts the exsolution of magmatic 
gasses, and the enhanced cooling effect of frigid seawater compared to air, which leads to more 
rapid formation and thickening of glassy crusts on submarine lava during its emplacement.  
Interpreting lava emplacement processes in the deep ocean requires multiple scales of 
observation.  For years, studies of MOR morphology were limited to either observing at the 
coarse scale of ship-based multibeam sonar bathymetry (resolving features 10s to 100s of 
meters across) or at the fine scale of visual observations from submersibles or deep-towed 
cameras (resolving features up to several meters across), with a large observational gap in 
between that made it difficult to relate one to the other.  More recently, that gap has been filled 
by high-resolution bathymetry from autonomous underwater vehicles (AUVs) that can map the 
seafloor at 1-m resolution.  This significant advancement allows for much more effective 
geologic mapping of volcanic terrain on the seafloor and can be used to place “photo-scale” 
visual observations (Fig. 2) in the more meaningful context of “map-scale” volcanic morphology 
(Fig. 3).  This has enabled geologic mapping of some MOR volcanic systems in great detail [6], 
especially when combined with lava geochemistry and innovative dating methods [7]. 
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Figure 2.  Photos showing the range of submarine lava morphologies; all are video framegrabs 
from ROV Jason dives at Axial Seamount.  (a) Pillow lava.  (b) Ropy to lineated sheet flow.  (c) 
Collapse area in a lobate sheet flow where the molten interior has drained out below a solid 
crust.  (d) Lava pillars exposed within a collapse area of a lobate sheet flow.  (e) Contact 
between 2015 lava (dark, glassy, upper right) over older seafloor (lighter sedimented pillows, 
lower left).  Photo taken 4 months after the eruption at the thin flow margin where no “eruption 
mat” formed.  (f) Thick “eruption mat” covering a 13-m thick pillow lava flow, only 4 months after 
it erupted in 2015.  The mat is formed by microbial growth where thick lava flows vent warm 
hydrothermal fluids as they cool.  The mat disappears after a few years after the flows have 
cooled. 
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Figure 3.  Map-scale observations of the seafloor from 1-m-resolution bathymetry collected by 
AUV.  (a) South rift zone of Axial Seamount showing morphology of pillow mounds and ridges. 
(b) Northern Gorda Ridge showing contrasting volcanic morphology of high-standing pillow 
mounds (in yellow and red, above 3050 m depth) and ponded sheet flows with areas of collapse 
filling low-lying areas (in light to medium blue, below 3050 m depth).  (c) Bathymetry and (d) 
depth changes before/after the 2011 eruption at Axial Seamount showing channelized sheet 
flows (black outlines) on gentle slopes near the eruptive vents (white lines) and thicker inflated 
lobate lava lobes at distal flow fronts.  (e) A 60-m thick lobe of 2015 lava (black outline) erupted 
from fissures (white lines) on the north rift zone of Axial Seamount.  Lobe has pillows on the 
steep sides, and lobate lava on the top with tumuli and collapse areas.  (f) Large flow lobe with 
pillowed margins and lobate top with extensive dendritic collapse areas in the interior of the 
lobe, south of the caldera at Axial Seamount. 

 

Laboratory analog experiments have shown that the range of morphologies on 
submarine lava flows primarily reflects eruption rate, which affects how the solidifying surface 
crust interacts with the molten interior of a flow during its emplacement, which in turn is reflected 
in the landforms that they create on the seafloor.  During slower effusion, individual pillow lava 
lobes form a crust on all sides (Fig. 2a) and tend to pile up to construct thick, steep-sided, 
haystack-shaped hummocky mounds or ridges (Fig. 3a) that can be over 100 m thick, up to a 
few 100 m wide, and up to a few km long [8].   Pillow mound eruptions can occur over periods of 
days to weeks.  In contrast, at higher effusion rates, sheet flows form as individual lava lobes 
quickly coalesce and spread out into a thin broad sheet with a crust on the top and bottom and 
an interior that remains molten for a short time (Fig. 2b).  Because of this, sheet flows tend to fill 
in low areas in the landscape, commonly ponding in closed basins or becoming channelized on 
slopes (Fig. 3b).  Single flows can have thin lobate sheet morphology near eruptive vents, can 
become channelized downslope, and can form inflated, pillowed flow lobes at their distal ends 
(Fig. 3c, d) [6].  Once they stop spreading laterally, ponded sheet flows often inflate upward if 
the lava keeps being fed to the molten interior, which can lift the flat upper crust by 5-10 m or 
more.  Sheet flow emplacement can be rapid and short-lived (minutes to hours), and they often 
contain extensive areas of collapse (Fig. 2c) where the molten flow interior has either drained 
back into the eruptive fissures or drained out downslope and the original upper crust has 
foundered where it was left unsupported (Fig. 3b).  Lava pillars are features unique to the 
submarine environment that are often found within the collapsed interiors of lobate sheet flows 
(Fig. 2d) and preserve evidence of the flow inflation and drain-out process.   

Submarine lava morphology is also strongly influenced by local slope and bathymetry, 
and single lava flows can have a wide range of morphologies due to the local variation in 
emplacement rates, slopes, and the sequence of events during emplacement (Fig. 3e, f).  
Similarly, the earliest flows during a single eruption can be emplaced as thin sheet flows when 
eruption rates are higher, and later parts of the eruption can produce thick pillow mounds after 
eruption rates decline [4].   

 The proportion of pillow flows to sheet flows at MORs is often correlated to the spreading 
rate, however more recent work suggests that magma supply likely exerts the primary control.  
Fast-spreading MORs, with their overall high magma supply, have a high proportion of sheet 
flows, and pillow mounds are rare on-axis and somewhat more common off-axis.  In contrast, 
eruptions at intermediate- and slow-spreading ridges, where magma supply is much lower and 
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more variable, display a larger range of morphologies. While hummocky mounds and ridges are 
typical of the neovolcanic zone at slow-spreading ridges [8], periods of increased magma supply 
can locally produce a higher proportion of sheet flows similar to what is observed on faster 
spreading MORs.  These differences in eruption style lead to differences in the gross 
morphology of the neovolcanic zone at different spreading rates. 

Fragmental products from degassing and/or explosive activity have been documented in 
deep-sea MOR environments, but these deposits are generally only a minor component of most 
eruptions.  Bubble wall shards and limu o Pele have been found at some deep MORs and have 
been attributed to explosive magmatic degassing, or CO2-rich eruption onsets with low-energy 
strombolian activity.  This style of activity has not been witnessed, but volcaniclastic deposits 
have been produced at several historical MOR eruption sites, suggesting it is not uncommon.  
Other volcaniclastic deposits with distinctive lithofacies have been attributed to less common 
phreatomagmatic activity associated with caldera collapse events when seawater is suddenly 
exposed to hot rock in subseafloor hydrothermal systems. 

 

3. Ridge-Axis Morphology and Segmentation 

 At broader scales (kms to 100s of kms), the morphology of MOR plate boundaries is 
determined by the relative interplay between volcanic construction and tectonic 
dismemberment, processes which are highly variable and dependent on spreading rate and 
magma supply [9].  MOR morphologies range from axial highs typical of fast-spreading ridges to 
deep, wide and sometimes asymmetric axial valleys generally associated with slow- and 
ultraslow-spreading ridges (Fig. 4a).  Intermediate-rate spreading centers may have an axial 
high or an axial valley, depending on the magma supply. 
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Figure 4.  Variations in ridge crest morphology and segmentation versus spreading rate. (a) 
Cross-axis depth profiles comparing ridge axis morphology at fast, intermediate, and slow 
spreading rates.  (b) Along-axis depth profiles comparing slow, fast, and superfast spreading 
ridges. (c) Comparison of ridge segmentation style at fast and slow spreading rate ridges.

 

 Axial highs develop above regions of high magma supply from constructional volcanism 
and the buoyancy of low-density and partially molten material that resides at shallow depths 
(typically less than 3 km) beneath the ridge axis. In this setting, plate spreading is largely 
accommodated by dike intrusion, some of which breach the surface and erupt lava on the 
seafloor, and normal faulting is secondary.  In other words, as plate divergence accumulates 
extensional stress across the plate boundary, magma is usually available beneath the ridge 
crest with a high enough driving pressure to intrude dikes to relieve those extensional stresses.  
Over time, this creates a high axial morphology characterized by a ridge crest that is continuous 
and gently undulating along-strike, and deepens to either side across-strike (Fig. 4).  The ridge 
crest is commonly bisected by a narrow axial summit trough, 10-100 m wide and deep, 
interpreted as the result of near-surface faulting above dikes intruded within a narrow 
neovolcanic zone [10].   

In contrast, in regions of lower melt supply (at slower spreading ridges), the thickness of 
cooled and rigid rocks on-axis (the axial lithosphere) is greater, and magma is not always 
available to feed crustal dikes, leaving more of the extension to be accommodated by normal 
faulting.  Consequently, the morphology of low-magma-supply MORs is characterized by large 
fault-bounded axial valleys that are generally 10-30 km wide and 1-2 km deep.  Along some 
magma-poor sections of slow-spreading MORs, faulting is so prevalent that large offset normal 
faults develop (also called detachment faults), leading to the exhumation of mantle rocks, 
formation of oceanic core complexes, and an asymmetric axial valley.  Within an axial valley, 
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the shallowest and narrowest part of the seafloor is often near the segment center, and 
volcanism along the valley commonly forms constructs called axial volcanic ridges.  These 
volcanic ridges are composite constructs of multiple eruptions over 100s or 1000s of years, with 
the basic building blocks being pillow mounds, ridges, and “hummocks” [8].   

These differences in ridge morphology are well-illustrated in both cross-axis and along-
axis depth profiles of fast, magma-rich and slow, magma poor ridges (Fig. 4a, b).  The 
wavelength of undulations in axis depth at fast-spreading ridges is 10s of km and with an 
amplitude of 10s to 100s of meters.  In contrast, at slow-spreading ridges the wavelength is 
much shorter and the amplitude much larger.  These variations in axial depth are generally 
interpreted as reflecting the relative magma supply along ridge segments, with higher supply 
along shallow portions of ridges and lower supply at the deeper segment ends.  At slow-
spreading ridges, magma bodies are thought to be smaller, more isolated, and shorter-lived 
than at fast-spreading ridges [9, 11]. 

 Discontinuities of the MOR ridge axis along strike occur at a range of scales that have 
been described in a hierarchy of segmentation (Fig. 4c), from 1st-order (transform faults with 
offsets of > 100km with a longevity of up to 100s of Ma) to 4th-order (offsets of < 1 km with a 
longevity of < 10-100 yrs) [12].  First- to third-order discontinuities usually form depth maxima on 
axial depth profiles, and are sometimes associated with changes in chemical composition that 
suggest correlating changes in magma distribution along strike.  Seismic imaging shows 
corresponding discontinuities of the axial magma lens at fast- and intermediate-spreading 
ridges.  On a fundamental level, these different scales of segmentation partially define what 
constitutes a “volcano” at MORs (a term that can be otherwise difficult to apply to continuous, 
linear volcanic systems), and second- and third- order ridge segments can be considered 
individual volcanic systems with their own separate magma supplies. 

 

4. CASE STUDY BOX: Insights From Historical Eruptions 

 Some things can only be learned by catching eruptions in the act, but this is much more 
challenging in the deep ocean than on land.  Nevertheless, historical MOR eruptions that have 
been well-documented have provided quantum leaps in our understanding of active processes.  
Here, we highlight some of the insights gained from two sites with well-documented eruptions 
(Fig. 5): Axial Seamount, a hotspot volcano on the intermediate-spreading (6-cm/yr) Juan de 
Fuca Ridge (JdFR) in the NE Pacific, and the 9°50’N segment of the fast-spreading (11 cm/yr) 
East Pacific Rise (EPR).  Both of these sites have had multiple eruptions in the last 30 years 
(1998, 2011, and 2015 at Axial, and 1991-2 and 2005-6 at the EPR at 9°50’N).  The two sites 
have significant morphological differences. Axial is a ~1000-m-high seamount (summit depth 
~1400 m) with a 3 x 8 km caldera and two rift zones that extend for ~50 km north and south, 
forming the most magmatically robust segment of the JdFR.  In contrast, the EPR at 9°50’N is 
the apex of a 3rd-order ridge segment (extending from 9°-10°N) whose depth varies gently 
along the spreading axis (2510-2580 m) [10]. 

 Documented historical eruptions provide rare clarity on the extent, thickness, and 
volume of individual eruptions because the unsedimented glassy appearance of new lava flows 
is easily distinguished from older lavas with sediment cover (Fig. 2e), and in some cases before-
and-after bathymetry can quantitatively constrain depth changes on the seafloor [4, 6].  This 
enables geologic mapping of lava morphologies relative to eruptive fissures, identification of 
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channel systems that distribute lava away from the vents, and interpretation of the sequence of 
events during lava emplacement.  However, a unique aspect of submarine eruptions is that 
where new lava flows are thick (>10 m) and/or near the eruptive vents they can become 
covered by microbial mats that grow while the flows cool, and can completely mask the fresh 
glassy appearance of the lavas (Fig. 2f). 

The 2005-2006 eruption on the EPR at 9°50’N (Fig. 5a) occurred along 17-18 km of the 
ridge crest, but at variable effusion rates along strike, and lava flowed up to 3 km away from the 
axis [6].  This eruption occurred in about the same area as the 1991-1992 eruption but was 4-5 
times larger in volume.  The 2005-2006 eruption mainly produced inflated lobate sheet flows 
with an average thickness of 1-2 m, with pillows at the distal flow fronts, locally up to 5-10 m 
thick [6].  The 4th-order ridge segmentation mapped at the seafloor appears to reflect 
discontinuities in the underlying axial magma lens that has been seismically imaged at a depth 
of 1.4-1.6 km. 

Just like at volcano observatories on land, long-term seismic and geodetic monitoring of 
submarine volcanoes have greatly increased our understanding of active processes during 
multi-year eruption cycles as well as during individual eruptions.  At the EPR at 9°50’N, the 
seismicity before and during the 2005-2006 eruption was recorded by a temporary network of 
ocean-bottom seismometers.  Long-term measurements of hydrothermal vent temperatures 
used to calculate crustal permeability show evidence of a cycle that suggests causal linkages 
between magmatic and hydrothermal activity that could be useful for forecasting future 
eruptions. 

At Axial Seamount (Fig. 5b), a multi-decadal record of vertical deformation in the summit 
caldera shows a pattern of rapid co-eruption deflation separated by longer periods of gradual 
inter-eruption inflation, and the pattern has been repeatable enough that it was used to 
successfully forecast the 2015 eruption.  This record shows that the magma supply at Axial has 
been continuous since at least 1998, but at a rate that has varied with time by over an order of 
magnitude.  Between eruptions, magma is stored in a large reservoir beneath the summit 
caldera, and during eruptions magma is intruded into dikes that initially erupt sheet flows in the 
summit caldera and then propagate laterally 10’s of km into one of the two rift zones where 
large pillow mounds are extruded and emplaced [4].  At Axial, most of the volume of the 
historical eruptions have been emplaced in these pillow mounds (up to 140-m thick) at the distal 
ends of dike intrusions [4]. 

At Axial, seismicity is initially low for several years right after an eruption and then 
increases exponentially as a function of cumulative inflation as the roof of the magma reservoir 
is increasingly stressed.  The seismicity at Axial mainly occurs on outward-dipping caldera faults 
above the magma reservoir and has been shown to be highly sensitive to the ocean tidal cycle.  
At both Axial and the EPR at 9°50’N, some eruptions have produced impulsive sounds during 
lava emplacement (likely from lava-water interaction, possibly due to implosions of drained lava 
lobes) that were recorded by local seismic networks, helping to clarify eruption extent, duration 
and the timing of lava emplacement [4, 6].  The volumes of the historical eruptions at the EPR at 
9°50’N have ranged from 4-22 x 106 m3 [6], and from 24-155 x 106 m3 at Axial [4].   
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Figure 5.  Examples of historical MOR eruptions.  (a) Map of new lava erupted in the 2005-2006 
eruption on the East Pacific Rise at 9°50’N, outlined in black.  (b) Map of Axial Seamount, Juan 
de Fuca Ridge, showing outlines of lava flows from the 2011 and 2015 eruptions. 

 

 
5. Magma Supply and Storage 
   

As at other volcanic systems, MOR eruptions are fed by magma stored in the crust 
and/or the uppermost mantle. Most of this magma never erupts, with an estimated 75-80% 
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cooling and solidifying into gabbroic intrusive bodies. What does reach the surface shows signs 
of at least some cooling and differentiation (e.g., olivine and plagioclase crystallization) prior to 
eruption. Sorting out how and where this magma is stored, and the nature and timescales of 
processes within these storage areas, are areas of active research and debate. One consistent 
finding from seismic experiments and petrological studies is that many key features of MOR 
magma plumbing systems vary with overall magma supply and spreading rate (Fig. 6). 

 

 

Figure 6.  Schematic cross-sections showing the thermal consequences of variable magma 
supply beneath mid-ocean ridges at different spreading rates (AML = axial melt lens, LVA = low-
velocity anomaly).  (a) Cross-section of the 6-km thick crust at the fast-spreading East Pacific 
Rise (EPR) at 9°50’N with a higher magma supply.  (b) Cross-section of the 6-km thick crust at 
a slow-ultraslow spreading segment of the Southwest Indian Ridge (SWIR) with a lower magma 
supply.  However, slow-ultraslow spreading ridges can also undergo periods of higher 
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magmatism, shown by the cross-section in (c) of the magmatically robust but ultra-slow 
spreading SWIR 50.5°E segment with a 9.5 km-thick crust and a crustal LVA. These differences 
at the ultraslow-spreading end of the spectrum can be explained by the thermal effects of cyclic 
changes in melt input, shown by (d) comparing the waxing (top) and waning (bottom) phases of 
a fluctuating magma supply. 

 

At high magma supply, fast-spreading ridges, seismic reflection experiments have 
consistently imaged the roof of a shallow and thin (< 100 m) axial melt lens located 1 to 3 km 
below the seafloor and extending 2-4 km across axis (Fig. 6a). The compositions of lavas that 
erupt at these ridges are consistent with this, with major element trends indicating the magmas 
cool and partially crystallize at relatively low pressures (< a few kb) in the shallow crust prior to 
eruption. The strength of this melt lens reflector varies along-axis, probably reflecting varying 
proportions of melt and crystals. These magma storage areas must be replenished relatively 
frequently to sustain a significant portion of melt without it freezing in the otherwise cool, shallow 
crust. Variations in supply can also lead to upward and downward migration of the magma lens, 
as suggested by ophiolite studies and drilling results [13].  The resulting lavas show limited 
variability in various trace element and isotope ratios that suggest the incoming mantle melts 
are being mixed and homogenized in these crustal storage areas [14]. This combination of 
mixing and chemical differentiation tends to obscure deeper processes and more primary melt 
compositions. Although the vast majority of sampled MOR lavas are basalts, more evolved 
compositions (e.g., andesites and dacites) can also be found, indicating a broader range of 
temperature conditions and crystallization extents can also occur locally. 

While this shallow melt lens may be the most obvious expression of magma beneath 
fast-spreading ridges, recent studies show evidence for a more complex magma plumbing 
system, with some crystallization occurring at greater depths. As olivines crystallize, they 
sometimes capture the surrounding liquid, forming melt inclusions whose compositions indicate 
that crystallization occurs in the lower crust or upper mantle [15]. Similarly, seismic imaging 
shows the shallow melt lens tops a broader domain at least 4 to 5 km thick with low seismic 
velocities interpreted as a crystal-dominated mush (Fig. 6a). More recent seismic experiments 
have shown that this crystal-dominated mush domain also hosts deeper melt-dominated lenses 
[16]. The geometry and strength of the associated reflectors changed following the 2005-2006 
eruptions at EPR 9°50’N, suggesting that melt in these deeper lenses was transferred to the 
shallow melt lens, from where it then erupted.  

As magma supply decreases at slower-spreading ridges, subaxial storage areas deepen 
and become less continuous (Fig. 6b). Unlike fast-spreading ridges, slow and ultraslow ridges 
mostly lack a melt lens seismic reflection despite evidence of widespread eruptive activity. Due 
to their relatively low magma supply, it is likely too cold in the shallow crust to sustain a melt-rich 
reservoir for long, so the chance of detecting one during a given seismic experiment is low. 
However, seismic refraction experiments along slow spreading ridge segments have found 
areas deeper in the crust with significantly lower seismic velocities indicating high temperatures 
and, in some cases, small amounts of melt [17]. These crustal magma reservoirs top out at 
depths between 2.5 and 4 km below the seafloor, and extend just a few kilometers along-axis at 
the center of magma-rich ridge segments, where the crust is anomalously thick (Fig. 6c). Longer 
lasting melt reservoirs (in the form of melt lenses or melt-rich crystal mush) may only reside at 
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greater depth in these settings, but such deep melt-rich reservoirs remain hypothetical at this 
point, being beyond the depth range of most current MOR seismic experiments.  

 As the seismic melt lens deepens and eventually disappears, corresponding 
compositional changes in the erupted lavas also point to changes in their magmatic history. 
Lavas erupted from slower spreading (low magma supply) ridges tend to be less differentiated 
and less well-mixed on average [14]. They also show evidence for higher crystallization 
pressures on average, consistent with deeper magma storage. This change in magma storage 
is key to understanding the seeming paradox that cooler, lower supply MORs erupt hotter, less 
evolved magmas: they likely erupt from deeper in the crust, where ambient temperatures are 
higher. 

Magma supply is both spatially and temporally variable at slow spreading rates, with 
some areas of slow MORs exhibiting an exceptionally thin and discontinuous volcanic layer. 
Observations from gabbros and ultramafic rocks exposed by faults at or near the surface in 
these locations suggest significant amounts of magma may get trapped in the mantle. These 
and similar locations offer rare and useful glimpses into the lower crust and upper mantle, where 
processes are poorly understood. Many gabbros and abyssal peridotites show evidence of 
reactive porous flow and mineral dissolution during melt migration, suggesting that melt-rock 
reactions are common in the lower crust and upper mantle [18, 19].  

The handful of observations of shallow melt reservoirs at slow and ultraslow segment 
centers likely represent current episodes of greatly enhanced magma influx (Fig. 6d) [3]. The 
durations and frequencies of these magma flux variations are poorly constrained. A relatively 
long duration (~ 300 kyrs) is estimated from the study of volcanic morphologies at these 
magma-rich, slow-ultraslow ridge segment centers.  Shorter durations (~ 10 kyrs or less) during 
which melt flux would be enhanced by an order of magnitude or more are also possible, based 
on estimates of hydrothermal heat fluxes of black smoker systems at slow spreading ridges. 
These hydrothermal constraints also apply to fast spreading ridges, where active black smoker 
systems are now understood to be evidence of episodes of enhanced magma input to the ridge 
axis [16]. 
  
  
6. Mantle Melting Processes 
  

For MOR lavas, eruption at the seafloor marks the finish line of a long journey that starts 
with partial melting of the mantle deep beneath the ridge, and involves partial crystallization, 
mixing, and complex melt-crystal and melt-rock interactions in the mush domains, magma 
bodies, and dikes that form the ridge's magma plumbing system. The geochemistry of MOR 
lavas bears witness to all of these processes, yet it remains a challenge to decipher their 
respective effects and determine basic parameters such as the composition of the melting 
mantle, and how melts migrate upwards through the melting regime and eventually accumulate 
beneath the ridge axis. 

Plate divergence leads to upward flow of the asthenospheric mantle, which eventually 
crosses its solidus, triggering the onset of partial melting. The depth at which this occurs 
depends on mantle composition and on mantle temperature: a mantle enriched in incompatible 
elements (for example Al, Na, K) has a deeper solidus than a mantle depleted in these 
elements; and for a given composition, a hotter mantle crosses its solidus at a greater depth. 



17 

For the range of estimated MOR mantle compositions and temperatures, solidus depths for dry 
mantle away from hotspot regions are estimated to range between 40 and 100 km [20], likely 
with small extents of partial melting occurring even deeper due to small amounts of water in the 
mantle. 

The amount of melt supplied to the ridge is a function of the mantle’s upward velocity, as 
well as the shape and size of the region from which melts are efficiently extracted and focused 
to the ridge. MOR melts are fluid and less dense than their parent mantle and therefore 
buoyant, rising independently and significantly faster than the upwelling solid mantle. The extent 
to which melts are effectively extracted from the mantle, and the degree to which they react with 
their surroundings during melt migration and subsequent storage, have significant predictable 
consequences for melt fluxes and on MOR magma composition. With no access to pristine 
samples of the mantle source or its primary melts, and given that available geophysical methods 
(seismology, electro-magnetism) are too low in resolution at such depths to image melt 
channels or other plumbing features, numerous aspects of the melt regime remain poorly 
understood. However, extensive modeling efforts combined with recent observations provide 
some useful constraints. Current estimates of melt migration rates are on the order of 10s of 
meters per year, too fast to be explained by diffuse porous flow alone [21]. Such rapid transport 
rates are consistent with most melt being concentrated into high-permeability channels, which 
various models predict to arise from some combination of processes such as reactive flow 
instability, compositional heterogeneity, and decompaction weakening. These permeable 
channels eventually converge towards the ridge axis, although the exact mechanisms 
responsible for focusing melts from such a broad melting regime (~100s of km wide) to such a 
narrow region of crustal accretion (~a few km) at the axis are debated.  A ~1-km-long section of 
mantle recently recovered by ocean drilling shows abundant evidence for small (cm-scale) 
channels of reactive flow and oblique melt transport [19]. 

Although crustal magmatic processes modify the geochemical composition of incoming 
melts, certain trace elements and isotopes help provide useful insights into melting processes 
and the mantle source composition. In recent decades, high-resolution geochemical analyses 
conducted on melt inclusions and cumulate materials have found that the melts coming out of 
the mantle are compositionally heterogeneous [14]. The degree to which these compositional 
variations are generated during the melting process as opposed to inherited from the mantle 
source is unclear, but fractional melting and disequilibrium melt transport processes are likely 
needed to preserve this heterogeneity. Much of this geochemical diversity seems to be lost 
during subsequent mixing and fractional crystallization, although studies differ on where exactly 
this mixing occurs. Recent geochemical compilations of MOR lavas also suggest that the mantle 
source is less depleted on average than previously assumed, with a range of depleted and 
enriched compositions commonly occurring at normal ridge segments (far from enriched 
hotspots). 

Another key observation regarding MOR mantle melting processes and the resulting 
melt fluxes comes from studying the thickness and configuration of the oceanic crust it 
produces. While low supply regions of slow-ultraslow spreading ridges include a significant 
component of serpentinized mantle-derived peridotites in their crustal layer, overall the oceanic 
crust is overwhelmingly formed of rocks that crystallized from MOR magmas (gabbros, dolerites 
and basalt). Therefore, looking at a regional scale that integrates several ridge segments, the 
thickness of the oceanic crust is a measure of the time-integrated MOR melt flux. It is 
remarkable that, if one ignores ridges near hotspots, the average oceanic crust is ~6 km thick 
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for all but the lowest spreading rates [2]. This first order observation suggests that mantle 
upwelling is largely passive—it is primarily driven by and compensates for plate divergence. At 
smaller scales, however, geodynamic models indicate that the buoyancy of low-density, partially 
molten mantle likely drives additional mantle upwelling. These density effects are expected to 
be more pronounced at slow spreading rates, where they may help explain the larger amplitude 
variations in crustal thickness observed there. In addition, another non-mutually exclusive 
hypothesis suggests that melt migrates towards the center of slow-spreading ridge segments 
along the permeable and sloping base of the axial lithosphere. These combined magma 
focusing effects likely help explain the along-axis variability in crustal construction along slow-
spreading ridges. 
 
 

7. Summary 
 

The majority of Earth’s volcanism occurs along mid-ocean ridges in the deep ocean, but is 
usually undetected and unseen, which limits our understanding of this fundamental planetary 
process.  However, recent research and advances in technology continue to contribute to our 
growing knowledge base. Modern seafloor observatories at a few sites now enable us to detect 
and monitor seafloor eruptions as they are happening, a critical window into active processes.  
High-resolution mapping of the seafloor can be used to interpret submarine lava emplacement, 
and when combined with geochemistry and innovative age dating, can reveal the recent 
eruptive history at individual volcanic systems.  Seismic imaging of subsurface magma bodies in 
the crust below MORs gives constraints on the depth and spatial extent of melt in the 
subsurface, and repeated surveys show changes over time.  Geochemical fingerprinting of 
crustal materials combined with sophisticated modeling provides clues about the deeper 
processes in the mantle that generate melts and transport them upwards into crustal storage 
zones to eventually feed eruptions at the seafloor.  The rich variety in the characteristics of 
MOR volcanism in different tectonic settings can be understood as a consequence of how 
magma supply and plate spreading rate vary in space and time. 
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Figure Captions and Source Information 

Figure 1 - Map showing the age of the seafloor and locations of mid-ocean ridges.  Relative 
widths of the 0-10 million year (m.y.) age seafloor (in red) reflects the variation in spreading rate 
on different mid-ocean ridges.  For example, the southern East Pacific Rise spreads at up to 15 
cm/yr, whereas the northern Mid-Atlantic Ridge spreads at only 2-3 cm/yr.  Figure from Müller et 
al. (2008) and https://www.ngdc.noaa.gov/mgg/ocean_age/ocean_age_2008.html. 

Figure 2.  Photos showing the range of submarine lava morphologies; all are video framegrabs 
from ROV Jason dives at Axial Seamount.  (a) Pillow lava.  (b) Ropy to lineated sheet flow.  (c) 
Collapse area in a lobate sheet flow where the molten interior has drained out below a solid 
crust.  (d) Lava pillars exposed within a collapse area of a lobate sheet flow.  (e) Contact 
between 2015 lava (dark, glassy, upper right) over older seafloor (lighter sedimented pillows, 
lower left).  Photo taken 4 months after the eruption at the thin flow margin where no “eruption 
mat” formed.  (f) Thick “eruption mat” covering a 13-m thick pillow lava flow, only 4 months after 
it erupted in 2015.  The mat is formed by microbial growth where thick lava flows vent warm 
hydrothermal fluids as they cool.  The mat disappears after a few years after the flows have 
cooled. (Original figure) 

Figure 3.  Map-scale observations of the seafloor from 1-m-resolution bathymetry collected by 
AUV.  (a) South rift zone of Axial Seamount showing morphology of pillow mounds and ridges.   
Data from Caress et al., (2012). (b) Northern Gorda Ridge showing contrasting volcanic 
morphology of high-standing pillow mounds (in yellow and red, above 3050 m depth) and 
ponded sheet flows with areas of collapse filling low-lying areas (in light to medium blue, below 
3050 m depth).  Data from Clague et al. (2020).  (c) Bathymetry and (d) depth changes 
before/after the 2011 eruption at Axial Seamount showing channelized sheet flows (black 
outlines) on gentle slopes near the eruptive vents (white lines) and thicker inflated lobate lava 
lobes at distal flow fronts.  Data from Caress et al., (2012).  (e) A 60-m thick lobe of 2015 lava 
(black outline) erupted from fissures (white lines) on the north rift zone of Axial Seamount.  Lobe 
has pillows on the steep sides, and lobate lava on the top with tumuli and collapse areas.  Data 
from Clague et al. (2017) and Le Saout et al. (2020).  (f) Large flow lobe with pillowed margins 
and lobate top with extensive dendritic collapse areas in the interior of the lobe, south of the 
caldera at Axial Seamount.  Data from Clague et al. (2013).  (Original figure) 

Figure 4. Variations in ridge crest morphology and segmentation versus spreading rate. (a) 
Cross-axis depth profiles comparing ridge axis morphology at fast, intermediate, and slow 
spreading rates.  (b) Along-axis depth profiles comparing slow, fast, and superfast spreading 
ridges. (c) Comparison of ridge segmentation style at fast and slow spreading rate ridges. 
Figures from Macdonald (2001). 

Figure 5. Examples of historical MOR eruptions.  (a) Map of new lava erupted in the 2005-2006 
eruption on the East Pacific Rise at 9°50’N, outlined in black (original figure, courtesy of Jyun-
nai Wu, modified from Wu et al., (2022)).  (b) Map of Axial Seamount, Juan de Fuca Ridge, 
showing outlines of lava flows from the 2011 and 2015 eruptions.  Figure from Sigmundsson 
(2016). 
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Figure 6. Schematic cross-sections showing the thermal consequences of variable magma 
supply beneath mid-ocean ridges at different spreading rates (AML = axial melt lens, LVA = low-
velocity anomaly).  (a) Cross-section of the 6-km thick crust at the fast-spreading East Pacific 
Rise (EPR) at 9°50’N with a higher magma supply.  (b) Cross-section of the 6-km thick crust at 
a slow-ultraslow spreading segment of the Southwest Indian Ridge (SWIR) with a lower magma 
supply.  However, slow-ultraslow spreading ridges can also undergo periods of higher 
magmatism, shown by the cross-section in (c) of the magmatically robust but ultra-slow 
spreading SWIR 50.5°E segment with a 9.5 km-thick crust and a crustal LVA. These differences 
at the ultraslow-spreading end of the spectrum can be explained by the thermal effects of cyclic 
changes in melt input, shown by (d) comparing the waxing (top) and waning (bottom) phases of 
a fluctuating magma supply.  Figures from Chen et al. (2023). 
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