
 Understanding Earth’s major volcanic systems
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First we will focus on mid-ocean ridges

volcanoes

hot spots

oceanic
transform fault

divergent boundary

convergent boundary

motion vector

The data comes from compositions of mid-

ocean ridge basalts obtained by dredging or

direct sampling from the ocean floor.

ALVIN – East Pacific Rise dive 1999



Drained sheet flow on the EPR – notice

columns – created by boiling of seawater

trapped beneath the flow – chilled crust is

supported by these features – lava beneath

crust flows out on to flanks forming fields of

pillows -

Scale column = 3 meters



Adiabatic decompression

melting beneath mid-

ocean ridges.

Leads to a mean depth

and mean temperature of

melt extraction.

Pm = (P0 – Pfin )/2+

Pfin

Melting is near-fractional.

Mantle cools as it melts.

Klein & Langmuir (1987)

Adaibatic

decompression

melting – all of the

superheat obtained

from the extension of

the adiabat above the

melting curve is

turned into heat of

fusion.  Three

calculated melting

paths are shown here

for three different

melting models.

Kinzler & Grove (1992)



TP1        TP2        TP3

Potential temperatures

for MORB are defined as

the temperature of the

beginning of melting

projected along an

adiabatic gradient to the

Earth’s surface.

Shown here by blue lines

Adiabat  ~ 10oC/GPa

Kinzler & Grove (1992)

Melt Migration

Adapted from Sparks and Parmentier, EPSL (1991)

Ridge axis The melting

regime

beneath mid-

ocean ridges

is “shaped”

and melt is

focused

toward the

ridge axis

and pooled.



(1) Near fractional melting, Kinzler & Grove (1992a,b, and 1993)

(2) Pooling of melt (aggregation)

(3) Fractional crystallization, Yang et al. (1996)

Grove et al. (1992)Grove et al. (1992)

Melt model calculations:

!"#$%&'#(%)#!#*+,)#-.#,/0%1'

aggregation

A, B and C are pooled

near-fractional melts from

3 different TP’s.

These variation diagrams

show Na2O and FeO

plotted against MgO, and

the 2 paths represent

fractional crystallization

(F.C.) processes imposed

at different pressures.

The depth (pressure) of

F.C. depths on the

thermal structure of the

oceanic lithosphere.

Lithosphere Temperature

is imposed by spreading

rate and hydrothermal

cooling.

Grove et al. (1992)



A, B and C are pooled

near-fractional melts from

3 different TP’s.

These variation diagrams

show Na2O and FeO

plotted against MgO, and

the 2 paths represent

fractional crystallization

(F.C.) processes imposed

at different pressures.

The depth (pressure) of

F.C. depths on the

thermal structure of the

oceanic lithosphere.

Lithosphere Temperature

is imposed by spreading

rate and hydrothermal

cooling.

MgO = 8 wt. %

Grove et al. (1992)

Global MORB data from Klein and Langmuir

(1987) shows correlation of MORB

composition with depth to ridge

Implies a relation between MORB melting

process and mantle potential temperature

Where shallower depth to ridge = higher

temprature = increased thermal buoyancy

Greater depth = lower temperature = less

buoyancy in ascending mantle

Klein & Langmuir (1992)



Distribution of melt on

grain boundaries –

influences melt

extraction

Kohlstedt (1992)

Very low melt fraction left in mantle residue – implies that MORB melting

is near fractional – melt is removed as it is produced

Kohlstedt (1992)



23/'-1#45&316%) Our mantle melting

model is calibrated

by direct

experimental

determination of

liquids saturated

with the mantle

residual

assemblage:

Olivine +

Orthopyroxene +

Clinopyroxene +

Aluminous Phase

(Plagioclase,

Spinel or Garnet)

To calibrate a melting

model for MORB we

require direct

experimental data from

natural basalt melts that

are multiply saturated

with the four phases

present in lherzolite:

Olivine + Orthopyroxene

+ Clinopyroxene + Spinel

or

Oliv + Opx + Cpx +

Plagioclase

or

Oliv + Opx + Cpx +

Garnet

This is the data set used

by Kinzler (1997).



A model for

predicting the

melts saturated

with:

 Oliv + Opx +

Cpx + Plag

from  Kinzler

and Grove

(1992)

Projection

scheme shows

systematic

effects of key

variables that

control melt

composition.

Kinzler & Grove (1992)

The K&G (1992) and Kinzler (1997)

models are inspired by the Gibbs

method and calculate the

composition of a liquid in equilibrium

with a mantle residual assemblage.

The model keeps track of the change

in the bulk composition of the solid

mantle residue as it evolves during

progressive fractional melting.

 Mass balance calculations:

•Mg# of the solids and KDFe-Mg are

used to calculate the major element

compositions of the residue.

• Kd’s for Na2O, TiO2 and Al2O3 of

clinopyroxene and orthopyroxene

calculate the minor components.

•CaO of pyroxenes is estimated from

an experimentally determined 2-

phase region.
Kinzler (1997)



Examples of polybaric, near fractional

melting models from Kinzler (1997).

These two models bracket the global

variability observed in MORB suites.

Small triangles indicate fractional

melts  where each melt increment is ~

1 wt. %.

The lower TP case starts at shallower

pressures.

The higher TP case begins at greater

pressures.

Note differences in melting extent and

the difference in the aggregated melt

compositions (large grey triangles).

Kinzler (1997)

The same data shown “corrected” to

MgO8.0  for a range of pressures of

fractional crystallization  (grey

ellipses).

Black circles = primary mantle melts

produced by polybaric, near-

fractional adiabatic decompression

melting.

Dashed lines show the position of

the global MORB array.

MCR = mid-Cayman Rise

RP = Reykjanes Pensinsula

Kinzler (1997)



Melting models corrected for fractional crystallization plotted on Na8 vs. Fe8

projection of Langmuir et al. (1992).

Kinzler and Grove (1993)

Melting models plotted on Na8 vs. Fe8 projection of Langmuir et al. (1992).

“Local trends” are observed in suites of spatially and temporally associated

MORB suites.  These are interpreted to result from fractional crystallization.



Fractional crystallization

Grove et al. (1992)Grove et al. (1992) adapted from Langmuir et al. (1992)

Kinzler and Grove (1993)
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Global distribution of oceanic transform faults

http://www.usgs.gov

120+ transform fault systems

volcanoes

hot spots

oceanic
transform fault

divergent boundary

convergent boundary

motion vector

Conclusions

Segmentation of oceanic transform faults is VERY important.

• Fault structure

• Mantle flow and melt extraction

Textbook transform fault:
Single fault strand!

Natural transform fault:
Segmented!



Questions:
- How does fault segmentation effect mantle flow, melt generation, and
   melt extraction at a transform fault?
- Could segmentation lead to thicker crust within fast-slipping transform
   faults?

Approach:
We use coupled 3D thermal and melting models of segmented
transforms to investigate the sensitivity of crustal production and lava
composition to melt migration.

Motivation:
Gravity calculations at

fast-slipping transform

faults suggest the

possibility of crustal

thickening within the

transform fault domain.

Gregg et al., Gregg et al., NatureNature (2007) (2007)

Reynolds & Langmuir (1997)Reynolds & Langmuir (1997)

The geochemicalThe geochemical

transform faulttransform fault

effect: Deep, loweffect: Deep, low

extents of meltingextents of melting

How can we produce
thick crust within the
transform fault, AND

reproduce the
observed geochemical

transform fault
effect?



3D Generic model:
u0 = 50 mm/yr, LITSC = 10 km
LT = 100 km

-u-u00

uu00

TT cc
= 0ºC
= 0ºC

TTm m 
= 1350ºC

= 1350ºC

Behn et al., Geology (2007)

Visco-plastic

20 km depth

Upwelling beneath the
transform, where strain
rate is high, causes
warmer temperatures



(1) Near fractional melting, Kinzler & Grove (1992a,b, and 1993)

(2) Pooling of melt (aggregation)

(3) Fractional crystallization, Yang et al. (1996)

Grove et al. (1992)Grove et al. (1992)

Melt model calculations:

1% melt per 1 kbar of ascent

aggregation

Melt Migration

Adapted from Sparks and Parmentier, EPSL (1991)

Ridge axis



Melt Migration

Magde and Sparks, JGR (1997)

Melt pooling in 3D
Model parameters:

Visco-plastic rheology, Workman & Hart (2005) DMM composition

Nu = 4, Tp = 1350°C



Melt pooling in 3D
Model parameters:

Visco-plastic rheology, Workman & Hart (2005) DMM composition

Nu = 4, Tp = 1350°C

Melt pooling in 3D
Model parameters:

Visco-plastic rheology, Workman & Hart (2005) DMM composition

Nu = 4, Tp = 1350°C



Siqueiros - Constant viscosity

no
crust

Siqueiros - Visco-plastic viscosity



Data from Perfit et al. (1996), Hays (2004)Data from Perfit et al. (1996), Hays (2004)
Tp = 1350ºC, Nu = 4, visco-plastic !

Data from Perfit et al. (1996), Hays (2004)Data from Perfit et al. (1996), Hays (2004)
Tp = 1350ºC, Nu = 4, visco-plastic !



Reynolds & Langmuir (1997)Reynolds & Langmuir (1997)

The geochemicalThe geochemical

transform faulttransform fault

effect: Deep, loweffect: Deep, low

extents of meltingextents of melting

How can we produce
thick crust within the
transform fault, AND

reproduce the
observed transform

fault effect?

WIDE POOLING!

The Siqueiros plumbing system…

Based on Fornari et al., Based on Fornari et al., MGRMGR (1989) (1989)



Conclusions
Segmentation of oceanic transform faults is VERY important.

• Earthquake processes

• Fault structure

• Mantle flow and melt extraction

Textbook transform fault:
Single fault strand!

Natural transform fault:
Segmented!

Conclusions

Segmentation of oceanic transform faults is VERY important.

1. There is a spreading rate dependence in the gravity anomalies from oceanic

transform fault that suggests crustal thickening at several intermediate and fast-

slipping transform faults.

2. To explain gravity derived crustal thickness and geochemical variations within

Siqueiros transform fault, melt must be pooled from a wide pooling area.
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