
 
 
 

REVIEW:  The Setting - Climatology             
of the Hawaiian Archipelago 

• Four dominant swell regimes:  
 

 north Pacific swell 
 trade wind swell 
 south swell 
 Kona storms 
 

• Atmosphere and Ocean – 5 facts:  
 

 NE trade-winds 
 tropical water 
 subtropical gyre 
  Seasonality  
 N – S gradients 



 
 
 

Volcanism at the 
Hawaiian Hotspot 

Link to Video of Kilauea Eruptions  

https://www.youtube.com/watch?v=WwBVG0Si7rs


 
 
 

• Review geological process underlying Hawaiian volcanism 
 

• Highlight important local / regional geological features 

Idealized Theoretical Depictions                   Empirical Observations  

Today’s Objectives 



 
 
 

Outline 
1. Regional Patterns 
 
 Overview of Hawaiian hotspot volcanism 

 
   
2. Local Patterns 
 
 Growth of the Island of Hawai’i  
 
 Activity and Structures of Kīlauea Volcano 
 
 
What do I want you to know ?    
  Text Book (Figures / Principles)  
  Walker  (1990) 
  Tilling & Dvorak, J. J. (1993)  
  



 
 
 

107 Peaks Along a 6000 km Chain 

Note:  
Only 2.5 %    
of the area   
of the 
volcanoes                 
are above      
sea level.   

The Hawaiian hotspot has created a chain of ~129 
volcanoes over the last ~80 million years, extending 
to NW of Pacific Ocean, ~6000 km from Kīlauea.  



 
 
 

What is the 
evidence that 
these islands               
and submerged 
volcanoes (guyots) 
originated at the  
Hawaiian hotspot? 
 
 

Bathymetric Data (Eakins et al. 2003)  









 
 
 

Cross-section of the Hawaiian Islands, showing the 
estimated ages of the main shield-building stage for 
volcanoes on each island (USGS) 
 

Hotspot Evidence I – Volcano Age 

Ni’ihau - Kaua’i 
(5.6 – 4.9 M a) 

O’ahu  
(3.4 M a) 

Maui  
(1.3 M a) 

Hawai’i 
(0.7 - 0 M a) 

NW  SE  



 
 
 

Migration rate has not been constant over time  

Radiometric ages of Hawaiian-Emperor volcanoes 
versus distance along the chain from the modern 
hot spot at Kīlauea Volcano (Duncan & Keller, 2004)  
 

Hotspot Evidence II – Volcano Age 

Main Hawaiian 
Islands (MHI) 



 
 
 

Hotspot Theory 

  Hawaiian volcanism is surface 
manifestation of melting within 
a deep-seated mantle plume, or 
‘hotspot’, beneath Pacific Plate.  
 
Plume is thought to be a narrow 
column (~100 km wide) of 
thermally buoyant material 
rising from the deep mantle. 
 
Kīlauea and the two adjacent 
active volcanoes in Hawai’i 
Island (older Mauna Loa and 
younger Lō‘ihi) overlie the 
rising plume stem. 

Cartoon of Hawaiian mantle          
plume with a D” high-velocity 
seismic reflector and hetero –
geneities at the base of lower 
mantle, which may be source of 
mantle plumes (Garnero, 2004) 



 
 
 

Model of the Hotspot 

  In lithosphere                
(< 100 km deep) 
magmas are 
transported 
through cracks. 
This is a 
seismogenic 
process.  
 
Magma flow in 
asthenosphere 
is plastic. Diagram of the magma system beneath the 

island of Hawaii (adapted from Tilling and 
Dvorak, 1993). Vp is P wave seismic velocity.  
 



 
 
 

After its formation,           
each volcano drifts off 
the hotspot along with     
the Pacific plate, which           
is migrating to the NW                  
at 9-10 cm / year.   
 
These volcanoes are 
slowly subsiding (<1 to 2.6 
mm /yr) and being eroded. 
 
They eventually disappear 
beneath the waves …                   
in 6-10 Myr.  
 
 
 

Model for magma production in the 
Hawaiian plume  (DePaolo & Weis, 2007) 
 

Model of the Hotspot 



 
 
 

Three-dimensional 
images of shear-wave 
velocity beneath the 
Hawaiian Islands show 
an upper-mantle low-
velocity anomaly 
elongated in the 
direction of the island 
chain and surrounded 
by a parabola-shaped 
high-velocity anomaly.  
 

Evidence:  Mantle Shear-Wave Velocity                   
Structure Beneath the Hawaiian Hot Spot 

(Wolfe et al., 2009) 



 
 
 

Low velocities continue downward to the mantle  
transition zone between 410 and 660 kilometers depth. 
 
Low velocities evident down to 1200 km depth. 
 
 
 
 
 
 
  
 

 
Observations reveal a several-hundred-kilometer-wide 
region of low velocities (high temp) beneath Hawai’i.  
 

These results suggest that the Hawaiian hot spot is 
caused by an upwelling plume from the lower mantle. 

600km                        900km                    1200km 



 
 
 

Evidence: Seismic Imaging of Transition Zone 
Discontinuities Suggests Hot Mantle West of Hawaii 

 
The Hawaiian hotspot is often attributed to hot material 
rising from depth in the mantle, but efforts to detect a 
thermal plume seismically have been inconclusive.  
 
 
To investigate thermal  
anomalies, researchers 
used sound to image seismic                                                                   
discontinuities in the  
mantle, below the Pacific. 
 (Cao et al. 2011)  



 
 
 

A 800 to 2000 km-wide high temperature anomaly                  
(300 - 400 deg. kelvin) in transition zone west of Hawaii. 
 
Hot material does not rise from the lower mantle through  
a narrow vertical plume, but accumulates near base of the 
transition zone in the crust, before being entrained in the 
flow toward Hawaii. 
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NOTE: Red areas indicate historical 
lava flows on the island of Hawaii.  
 

Bathymetric Data (Eakins et al. 2003)  



 
 
 

Global Bathymetry and Topography 

  



 
 
 

Regional Seafloor Depth 

A 

B 



 
 
 

Main Hawaiian Islands lie 
in the middle of a broad 
swell that is ~1 km high 
and 1000 km across and 
extends along the volcanic 
chain to the northwest. 
 

Swell is caused by hotter-
than-normal, buoyant 
material beneath Pacific 
Plate (i.e., mantle plume) 
that spreads out laterally 
around the hotspot and        
is deflected to northwest 
by the Pacific Plate. 

Regional Patterns - Swell 



 
 
 

Regional Patterns - Isostacy 

 Generalized Bathymetry of the Main Hawaiian Islands,  
     illustrating the crustal deformation due to isostacy  

Isostasy: equilibrium of lithosphere and asthenosphere, 
whereby tectonic plates “float” at an elevation which 
depends on their thickness and density.  Two patterns:  



 
 
 

Mass of MHI                   
(Height / Size) 

Regional Patterns – Hawaiian Ridge 

Vertical 
displacement 
(per year)  

3 Lines of 
Evidence ?  Why do islands 

go up and down ?  



 
 
 

  

 

Heavy volcano pushed 
lithosphere downward  
(Walker, 1990) 
 
 
 
Lithosphere flexure 
beneath active volcano 
(Bianco et al., 2005) 

Why do islands go up and down ?  

South North 



 
 
 

).  

 

Map of Main Hawaiian 
Islands showing the 
extent of the swell                 
(dashed black line)            
and  the extent of the 
trough (solid black line)  
 
The red inner circle 
indicates the radius  
where plate flexure due  
to loading from the 
volcanoes changes from 
down to up deflection                                   
(Bianco et al., 2005) 

Regional Patterns – Swell & Ridge 



 
 
 

Island Formation – Hawai’i 

How many 
volcanic shields 
can you see in 
this map? 
 
What processes 
make it difficult 
to detect and 
map individual 
shields ? 



 
 
 

NOTE: The red areas mark 
historical (< 210 y) lava flows 

• There are 7 shields:  
Mahukona, Kohala 

Hualalai, Mauna Kea 
Mauna Loa, Kilauea ...  

and Lo’ihi 
(List them from oldest to youngest) 
  
  

 

As the shields move east from 
the hotspot, they cover each 

other and are eroded 

Island Formation – Hawai’i 



 
 
 

Island Formation – Hawai’i 
Stages of growth of volcanoes on the island of Hawai‘i (Moore & Clague, 1992) 
 
Island growth stages are shown in succession from top left to bottom right.  

Red and blue     
circles represent 
estimated melting 
region beneath 
Hawaii at depths             
of 170 km and 120 
km, respectively 
(Bryce et al., 2005) 
 
Blue arrow  
indicates                
direction of              
Pacific Plate 
movement 
 



 
 
 

Island Formation – Hawai’i 

 

1) 1.0 to 0.5 Ma. Māhukona was probably the first Big Island volcano. 
It was in its shield stage at this time.  
 

2) 0.5 to 0.4 Ma. Kohala Volcano grew on the flank of Māhukona            
and completed its main shield-building stage.    
 

3) 0.4-0.3 Ma. Mauna Kea emerged above sea level on the south                
flank of Kohala, and is now in its post-shield stage.  
 

4) 0.3-0.2 Ma. Hualālai grew above sea-level on Mauna Kea’s flank 
about 300 ka. Mauna Kea entered the post-shield period at 0.2 
Ma. Mauna Loa, growing on Hualālai and Mauna Kea, probably 
emerged above sea-level.   
 

5) 0.2-0.1 Ma. Volcanism is waning on Hualālai and Mauna Kea but                
is vigorous on Mauna Loa.  
 

6) 0.1 Ma to present. Kīlauea is growing vigorously as volcanism on 
Mauna Loa is decreasing. Lō‘ihi Volcano, about 1 km below sea-
level, entered the tholeiitic shield-building stage at 5 ka. 

 
 

(DO NOT MEMORIZE)   NOTE: Ma: millions of yrs.  Ka: Thousands of yrs 



 
 
 

Basaltic magmas of Hawaiian shield volcanoes very fluid 
(low viscosity), due to low-silica and high temperature.  

Shield Formation – Kilauea  

(a) Map of the island of 
Hawai‘i (Big Island) and 
Kīlauea Volcano on the 
southeast part of 
(Eakins et al., 2003) 

(b) The caldera 
and rift zones   
on Kīlauea, 
showing the 
general area of 
active lava flows 

Usually do not 
erupt explosively. 

 



 
 
 

Kīlauea Volcano rises 1240 m above sea-level and is 
growing on the southern flank of Mauna Loa Volcano 

Shield Formation – Kilauea  

Diverse landscape: 
 
Caldera  / magma chamber 
 
Rift zones / flank flows 
 
Secondary craters 



 
 
 

Shield Formation – Kilauea  

Eruptions on Kīlauea 
occur at both the 
summit caldera and   
at the Southwest           
and the East Rift 
Zones, which radiate 
from the summit. 
 
East Rift Zone is 
larger and more 
active than the 
Southwest Rift Zone 
and, since 1983, has 
received the highest 
rate of magma supply 
in historical times. 



 
 
 

Diagram cross section of Kīlauea summit and part of East Rift Zone showing 
inferred shape and location of crustal magma reservoir system. 
 
Summit reservoir (S) inferred to be a series of dikes and sills.  
East Rift and reservoir beneath Pu‘u ‘Ō‘ō (R) contain dikes (Garcia et al. 1996).  
  
Dikes:  vertical lava intrusions.                 Sills: sheet-like lava intrusions.   
  
 

Eruptions at Kilauea Volcano  



 
 
 

On January 3, 1983, 
intrusion of a dike 
into east rift zone 
led to new eruption. 
 
Over next 3 years, 
lava fountains built 
800-m-high cone.   
 
In 1986, eruption 
shifted 3 km and 
changed from 
episodic fountains  
to near-continuous 
lava effusion.  

Eruptions at Kilauea Volcano  



 
 
 

This effusive 
activity constructed 
Kupaianaha shield; 
center of activity 
for next 5.5 years.  
 

In 1992, Kupaianaha 
died and Pu‘u ‘Ō‘ō 
became locus of 
effusion from vents 
on southwest flank.  
 

In mid-1997, lava 
began erupting from 
new vent on east 
flank of Pu‘u ‘Ō‘ō. 
  

Eruptions at Kilauea Volcano  



 
 
 

 Bathymetry of the Hawaiian Islands 

Tuscaloosa  
seamount  



 
 
 

Ka’ena Volcano - precursor of O‘ahu 

The two volcanoes 
that formed O’ahu 
had a head start: 
they grew on top            
of an older volcano, 
now submerged             
northwest of the 
island and partially 
covered by it. 
 
Originally, submarine 
ridges extending > 
100 km presumed to 
have originated from 
the Waianae peak (Stinson et al., 2014) 



 
 
 

Ka’ena Volcano - precursor of O‘ahu 

Analyses of rocks 
from ridge are 1 MY 
older than Waianae.  
 
Many of these rocks              
formed above water, 
indicating that this 
volcano once stood 
above the surface.  
 
It broke through  
the ocean’s surface 
about 3.5 MY.  It 
cooled about 5 MY.  

Map of schematic outlines and structural 
features of Ka‘ena (blue), Wai‘anae (black),  
and Ko‘olau (green) Volcanoes of O’ahu. (Stinson et al., 2014) 



 
 
 

Review of Regional Patterns 

Swell:  Vertical expansion of deep sea floor (< 5000 m) 
from  mantle plume heating: trough and arch. 
Ridge:  Plume effect noticeable to the NW of hotspot  

Isostasy: equilibrium of lithosphere and asthenosphere, 
whereby tectonic plates “float” at an elevation which 
depends on their thickness and density.  Two patterns:  



 
 
 

Review of Isostatic Structures 

  

 

Hawaiian swell:                
trough and arch                     
(Walker 1990)  
 
 
 
 
 
Flexure of the 
lithosphere beneath 
active shield volcanoes 
(Bianco et al., 2005) 

South North 



 
 
 

Review of Local Patterns 
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