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The most recent major explosive eruption 
of the Santorini volcano in Greece—around 
3600 years before present (B.P.), often 
referred to as the Minoan eruption—is one 
of the largest volcanic events known in his-
torical time and has been the subject of 
intense volcanological and archeological 
studies [Druitt et al., 1999]. The submarine 
volcano Kolumbo, located seven kilometers 
northeast of Santorini and associated with 
Santorini’s tectonic system, erupted explo-
sively in 1650 A.D., resulting in fatalities on 
the island of Thera [Fouqué, 1879]. A large 
fraction of the erupted products from the 
Minoan eruption has been deposited in the 
sea but, up to now, only has been studied 
in distal marine sediments. 

As part of a collaborative project between 
the University of Rhode Island (Narragan-
sett), the Hellenic Centre of Marine Research 
(Athens, Greece), and the Institute of Geol-
ogy and Mineral Exploration (Athens), a 
marine geological survey was conducted 
around Santorini from April to June 2006. 
The new work now shows that the volume 
of the Minoan eruption may be comparable 
to that of the largest known historical erup-
tion, the 1815 eruption of Tambora in Indo-
nesia [Sigurdsson and Carey, 1989]; pro-
vides insights into the depositional processes 
and size of the Minoan eruption; and led to 
the discovery of important submarine 

hydrothermal vents with active mineraliza-
tion.

Submarine Pyroclastic Deposits 

The Minoan eruption of the Santorini vol-
cano has remained of great interest to geol-
ogists, historians, and archeologists because 
of its possible impact on the Minoan civili-
zation in Crete and on the Cycladic islands. 
The eruption generated pyroclastic flows as 
well as widespread volcanic ash fallout. The 
volume of ash fallout from the Minoan erup-
tion has been estimated previously to be 19 
cubic kilometers dense-rock equivalent 
(DRE) [Sigurdsson et al., 1990]. This result 
implied that the volume of submarine pyro-
clastic flows should be of the order of 20 
cubic kilometers DRE, based on mass bal-
ance assumptions [Sparks and Huang, 
1980]. Thus, the early estimate was a total of 
39 cubic kilometers DRE for the eruption as 
a whole. 

The recent marine seismic survey reveals 
a sediment sequence on the ocean floor 
around Santorini that is generally massive 
or chaotic (with highly irregular internal 
reflections), as is typical of submarine pyro-
clastic flow deposits. This sequence has a 
mean thickness of about 29 meters, but 
ranges up to about 80 meters in areas close 
to the coast of Santorini. The distribution of 
the sequence is greatly affected by seafloor 
topography, and mainly follows pre-existing 
submarine valleys (Figure 1). The unit has a 
total area of 1378 square kilometers inside 
the 10-meter thickness contour line, and the 

total bulk volume around Santorini is 54.5 
cubic kilometers, or about 41 cubic kilome-
ters DRE. 

The top of the sequence often is terraced 
or step-like, especially on the steep subma-
rine slopes of the volcano, with steps that 
have a lateral extent of kilometers or more 
and heights of tens of meters. These mor-
phological ‘wrinkles’ most likely are a result 

of downslope creep and slumping during or 
just after deposition. On some steep slopes, 
the terraces detach and the sequence is 
separated into distinct hummocks or 
blocks. 

The origin of this extensive sequence, which 
clearly is derived from Santorini, can be 
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Fig. 1. Map of the Santorini region showing bathymetry (Seabeam), locations of seismic lines 
(black), and the distribution of inferred massive pyroclastic deposits from the Minoan eruption. 
The thickness of the surface sequence derived from the volcano is shown with 10-meter-spaced 
contours (red), and the outer limit of the deposit is shown by the red dashed lines.
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Understanding how the effects of increas-
ing atmospheric carbon dioxide (CO2) con-
centrations and higher surface temperatures 
cascade through the ocean’s physical and 
biogeochemical systems is a major theme of 
NASA’s Ocean Biology and Biogeochemistry 
Program, and this requires decadal time 
series of accurate global satellite measure-
ments of key marine biological properties, 
such as phytoplankton chlorophyll a con-
centration. Such time series have been a pri-
mary NASA objective since the mid-1980s 
when the results from the Coastal Zone 
Color Scanner (CZCS), a proof-of-concept 
program (sparse global coverage with a lim-
ited post-launch validation program), dem-
onstrated that space-based retrievals of 
ocean water–leaving radiances (Lw’s) and 
chlorophyll a concentrations were suffi-
ciently accurate for quantitative research. 

Beginning in the mid-1990s, a sequence of 
international satellite ocean biology and 
biogeochemistry (OBB) missions has been 
launched, including the Sea-viewing Wide 
Field-of-view Sensor (SeaWiFS, 1997) and 
two Moderate-Resolution Imaging Spectrora-
diometers (MODIS) on the Earth Observing 
System (EOS) platforms Terra (1999) and 
Aqua (2002). An objective of these three 
missions has been achieving an accuracy of 
±35% for chlorophyll a concentration, i.e., on 
average, within 0.65 to 1.35 times the actual 
value measured in the field. The develop-
ment and maintenance of the climate 

research–quality time series derived from 
these and other missions have not been 
straightforward and remain a challenge. 

This article reviews lessons learned from 
CZCS, SeaWiFS, and MODIS that will be help-
ful to future missions such as the National 
Polar-orbiting Operational Environmental 
Satellite System (NPOESS) Visible/Infrared 
Imager/Radiometer Suite (VIIRS).

Background on OBB Missions

Satellite instruments usually lose sensitiv-
ity over time for a number of reasons, e.g., 
contamination of optical surfaces, but do 
not always degrade in the same manner. For 
example, it has been estimated that the CZCS 
sensitivity at 443 nanometers (nm) decreased 
(output in volts or digital counts for a given 
input radiance) by roughly 40% over the 
eight and a half years of sensor operation, 
with little degradation at the near-infrared 
(NIR) wavelengths. The problems encoun-
tered in trying to validate the CZCS data 
underscored the need for improved sensor 
stability monitoring (the CZCS had internal 
lamps that proved unreliable) and for a 
comprehensive mission-long calibration/val-
idation program if future missions were to 
produce climate research–quality data. 
Therefore, SeaWiFS incorporated a solar dif-
fuser as well as lunar observations, and the 
MODIS design included a solar diffuser with 
a diffuser stability monitor for the purpose 
of tracking sensor responsivity on orbit. 
Indeed, over the first nine years of SeaWiFS, 
the sensor degradation over time has been 

accurately quantified using the lunar obser-
vations and has been greatest at 865 nm 
(18% to date). For MODIS/Aqua, the sensitiv-
ity loss has been greatest at 412 nm (~15% to 
date), similar to CZCS, but quite different 
from SeaWiFS. 

In addition to temporal stability issues, the 
CZCS experience showed that prelaunch cali-
brations need to be adjusted on orbit to 
remove calibration and atmospheric correc-
tion biases using accurate field measurements 
of Lw, i.e., the so-called vicarious calibration. 
To support the SeaWiFS and MODIS missions, 
the Marine Optical Buoy (MOBY) was devel-
oped by U.S. National Oceanic and Atmo-
spheric Administration personnel under a 
NASA contract, and MOBY has been contin-
uously deployed off Lanai, Hawaii since July 
1997 through periodic rotation of duplicate 
systems for maintenance and recalibration. 
For SeaWiFS, the vicarious calibration has 
required approximately 30 cloud-free and sun 
glint-free simultaneous comparisons with 
MOBY to derive a set of fixed calibration 
gains, which took over two years to accumu-
late. For sensors like MODIS that do not tilt 
to avoid Sun glint, it can take nearly three 
years to collect enough suitable comparisons. 
Thus, obtaining a final vicarious calibration 
data set required for accurate derived prod-
ucts from a single calibration site takes con-
siderable time and investment.

Besides the system-level radiance calibra-
tion, other sensor attributes to be quantified 
include polarization, temperature, stray light, 
electronic crosstalk, band-to-band spatial 
registration, relative spectral response, signal-
to-noise ratios (SNR), electronic gain ratios, 
and response versus scan (RVS) angle. The 
sensors’ sensitivities to each attribute depend 
on their specific design, and the CZCS, Sea-
WiFS, MODIS, and VIIRS have very different 
designs. For instance, the CZCS and MODIS 

use a scanning mirror, while SeaWiFS and 
VIIRS have rotating telescopes. The advan-
tages of the rotating telescope are the pro-
tection of the primary optical surfaces from 
contamination and smaller angles of inci-
dent radiation reducing RVS and polariza-
tion sensitivities. Also, the CZCS and SeaWiFS 
incorporated depolarization optics while 
MODIS and VIIRS do not. 

Errors in the prelaunch quantification of 
these sensor attributes are almost impossi-
ble to resolve on orbit without independent 
observations, because their effects are con-
volved and some, e.g., RVS and polarization, 
are a function of solar and sensor viewing 
geometries, which are superimposed on 
geometry-dependent atmospheric and sur-
face reflectances. For example, if knowledge 
of a sensor’s polarization sensitivity is incom-
plete or inaccurate, any vicarious calibration 
at a particular site will be implicitly tuned 
to the range of polarizations encountered at 
that location and may be inadequate for 
other locations. Therefore, in the future, mul-
tiple calibration sites may be needed to 
evaluate these possible sources of error.

In some instances, the dissimilarities 
between concurrent sensors can be exploited 
to identify problems in each. Comparisons 
between SeaWiFS and MODIS/Aqua pro-
vided a mechanism to correct an error in 
the MODIS polarization sensitivity tables 
that largely, but not entirely, resolved discrep-
ancies in the Lw’s. This was possible because 
SeaWiFS has a very small polarization sensi-
tivity (~0.25%), whereas the MODIS visible 
bands have sensitivities of the order of sev-
eral percent (VIIRS is expected to have 
polarization sensitivities of the order of 2%). 
On the other hand, MODIS has higher SNRs 
and digitization than SeaWiFS and is not 
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interpreted as submarine pyroclastic gravity 
flow deposits by comparing this sequence with 
the character of the submarine deposits 
formed during the 1883 Krakatau eruption 
[Sigurdsson et al., 1991]. The sequence is 
likely to contain several layers, as shown by 
some internal reflectors. These layers may con-
sist of primary submarine pyroclastic flow 
deposits emplaced at high temperature or 
water-supported flows generated by transfor-
mation of hot flows as they entered the ocean. 

This young, widespread sequence is 
likely to be related to the 3600 year B.P. 
Minoan eruption of Santorini and may have 
been generated as a result of massive pyro-
clastic flow discharge into the sea. If the 
sequence consists of dominantly juvenile 
material from the Minoan eruption, then 
this would increase the total volume of 
erupted material estimated for this event. 
Volumetrically, the Minoan eruption deposit 
consists of four components: plinian ash 
fall from the main eruption column (2 
cubic kilometers DRE), ash fall associated 
with pyroclastic flows (17 cubic kilometers 
[Watkins et al., 1978]), pyroclastic flow 
deposits on land on Santorini (1.5 cubic 
kilometers), and the newly mapped marine 
pyroclastic deposits around the volcano (41 
cubic kilometers). Thus, the total volume of 
the event could be as high as 60 cubic kilo-
meters DRE, nearly twice the previous esti-
mate. 

Hydrothermal Vents

The Santorini volcanic field extends 20 
kilometers to the northeast, as a line of more 
than 20 submarine cones. The line of cra-
ters lies within a rift that dissects the north-
ern caldera wall of Thera island (Figure 1). 
By far, the largest of these submarine craters 
is Kolumbo, a three-kilometer-diameter cone 
with a 1500-meter-wide crater, a crater rim 
as shallow as 10 meters, and a crater floor 
505 meters in depth below sea level. Kolumbo 
last was active in 1650 A.D., when an explo-
sive eruption produced hot surges across 
the ocean surface that caused 70 deaths on 
Thera [Fouqué, 1879]. Seismic monitoring 
by the Institute for the Study and Monitor-
ing of the Santorini Volcano shows that 
seismicity in the region today almost is 
exclusively limited to Kolumbo and the 
northeast trending Kolumbo volcanic line.

A widespread hydrothermal vent field 
was discovered on the floor of the Kolumbo 
submarine crater during the recent marine 
survey (Figure 2). High-temperature venting 
occurs in the northern part of the crater, 
with vigorous gas emission plumes more 
than 10 meters above the crater floor, and 
fluid temperatures up to 220ºC from vent 
chimneys up to four meters in height that 
are constructed of polymetallic massive sul-
fides and sulfates. The exterior of most 
chimneys is densely covered with white, 

gray, and reddish filamentous bacteria. Some 
of the chimneys exhibit branching, trunk-
like structures that have continuous gas and 
fluid streaming from multiple openings. 
Other chimneys consist of a series of tightly 
clustered, tapered spires that are up to one 
meter in height. 

Lower-temperature chimneys and vents 
along the northern and eastern margins of 
the crater floor discharge clear fluids up to 
70ºC and minor gas bubbles. The larger 
chimneys in this area are covered by red-
dish bacteria and sea squirts (glassy tuni-
cates). The margins of the crater wall in the 
northeast have streams of white bacterial 
mats that are the colonization of fluid seeps 
moving downward toward the crater floor. 
In some of these areas, there are patches of 
gray, hydrothermally altered clays emitting 
shimmering water at temperatures up to 
about 70ºC. The entire crater floor of 
Kolumbo is covered by a reddish orange 
bacterial mat a few centimeters in thick-
ness. In addition, the water column in the 
crater deeper than 250 meters is turbid with 
abundant bacterial filaments and other sus-
pended particles. 

In contrast to the high-temperature vent-
ing in Kolumbo, only low-temperature vent-
ing was observed within the Santorini cal-
dera. Hydrothermal vents occur in both the 
North and South basins of the caldera. There 
is a vent field in the northeast part of the 
North Basin that is 200 by 300 meters in 
extent (Figure 3). The vents form hundreds 
of one- to four-meter-diameter mounds of 
yellowish bacterial mats that are up to one 
meter high. Temperatures in the mounds 
are around 15º–17ºC, or about 5ºC above 
ambient temperature. The North Basin 
hydrothermal vent field is located in line 
with the normal fault system of the Kolumbo 
rift, and also is near the margin of a shallow 
intrusion that occurs within the sediments 
of the North Basin. Similar vent mounds 
occur in the South Basin, where most of the 
low-temperature vents are seeps along a 
ridge separating the Aspronisi Basin and 
South Basin, and on the submarine flanks 
of the Kameni volcanic islands. 

Seismic studies show that the three 
basins of the Santorini caldera have a post-
Minoan sediment fill of about 200 meters. 
Diffuse hydrothermal activity has emanated 
through this fill, forming low-temperature 
vent fields in the North and South basins. 
These vent fields are characterized by 
mounds of yellowish bacterial mats, and 
the North Basin vents are located in line 
with the Kolumbo tectonic trend. 

In contrast, the hydrothermal activity in 
the Kolumbo submarine crater includes 
high-temperature gas-emitting vents from 
one- to four-meter-high sulfide- and sulfate-
rich chimneys at up to 220ºC. The different 
state of hydrothermal activity in the San-
torini caldera versus the Kolumbo crater is 
attributed in part to the thick sediment fill 
that has accumulated in the caldera, and 
the much more recent submarine volcanic 
activity in the Kolumbo crater. Thus, 

Kolombo may be a modern analogue to 
conditions within the Santorini caldera just 
after the Minoan eruption. It is likely that 
after the Minoan eruption, the Santorini cal-
dera was the scene of very vigorous hydro-
thermal activity, as the shallow magmatic 
system was cooling down. In the 3600 years 
since the eruption, the sea-floor hydrother-
mal activity has waned, because of heat-
loss as well as because of the rapid burial 
of the caldera by a more than 200-meter 
thickness of sediment influx.

The results of the recent marine survey 
show that the Minoan eruption is now com-
parable in volume to the largest known his-
torical eruption, that of Tambora in Indone-
sia in 1815 [Sigurdsson and Carey, 1989]. 
Furthermore, the submarine pyroclastic 
flow deposits from the Minoan eruption are 
even more extensive than those of the 1883 
Krakatau eruption. These results imply that 
the direct hazard from pyroclastic flows 
entering the sea and flowing over the ocean 
surface is likely to be much greater than 
previously considered for this important 
eruption in the Late Bronze Age. Refine-
ment of the erupted volume of the Minoan 
eruption also has implications for the assess-
ment of the potential global environmental 
impact that was caused by this event. 
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Fig. 2. Map showing the distribution of hydrothermal vents in the crater of Kolumbo submarine 
volcano and the track of the remotely operated vehicle (dashed/stippled black tracks). Shown 
are high-temperature chimneys (white circles), low-temperature chimneys (red circles), and areas 
of bacterial streams (yellow circles). Inset map shows Kolumbo volcano and the area depicted in 
the larger figure. The scale bar at the bottom right of the inset map is 1.5 kilometers. 

Fig. 3. Map showing the distribution of hydrothermal mounds (red circles) in the caldera of San-
torini (Thera) and the track of the remotely operated vehicle (heavy black line). Principal fields 
occur in the northeast, southwest, and to a lesser degree to the south of the Kameni islands. Inset 
map shows the Santorini volcanic field and the area of the caldera shown in the larger figure.
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