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CHAPTER 1

Preview of the orbital perspective:
the million-year day

1.1 Introduction

“The present is the key to the past.” This axiom is familiar to all
geologists, expressing the belief that the Earth has evolved over bil-
lions of years by processes still going on today. In recent years there
has been something of a revival in catastrophism, with the realiza-
tion that rare events such as meteoritic impacts and sudden glacial
floods do occasionally happen. These events — and better known
sporadic ones, such as volcanic eruptions and great earthquakes —
require us to reconsider our concept of the geologic “present.” How
long must we watch the Earth to get a realistic picture — a day in the
life of the Earth, so to speak — of geologic processes?

The geologic events of a month or even a decade clearly do not
represent the full spectrum of geologic activity. The map (see Fig.
1.1) that opens this book, derived largely from space-acquired data,
was designed to illustrate the tectonic and volcanic activity of the
last one million years — a “million-year day.” Mathematically-
inclined readers may think of it as a first derivative — the instantane-
ous rate of change — of a conventional tectonic map. The tectonic
activity map and related ones are presented at this point as a preview,
to demonstrate at once the fundamental impact of orbital data on
geology and geophysics.

1.2 A digital tectonic activity map of the Earth

It is only in the last 40 years, since about 1965, that we have finally
arrived at something like a true understanding of “the way the Earth
works” in the title of Wyllie’s (1976) geology text. As late as 1962,
for example, it could still be reasonably proposed in a leading journal
(Chenoweth, 1962) that the deep ocean floor, if uncovered, would be
a primordial cratered surface resembling the face of the Moon. As
it happened, the same year saw the publication of Hess’s (1962)
classic “essay in geopoetry” (his words), which laid the foundation
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2 1 PREVIEW OF THE ORBITAL PERSPECTIVE: THE MILLION-YEAR DAY

for the new global tectonics, soon to be termed “plate tectonics,”
showing that the oceanic crust is geologically young and mobile.

Plate tectonic theory holds that roughly two-thirds of the
Earth’s crust, the ocean basins, is both active and, in a geologic
sense, ephemeral. Oceanic crust, chiefly basaltic, or “mafic,” is con-
tinually generated by volcanic eruptions along features known but
little understood for years: the mid-ocean ridges such as that bisect-
ing the Atlantic Ocean. Its Pacific counterpart is the East Pacific
Rise. These ridges are seismically active, an expression of processes
in the deep interior generating basaltic magma that is erupted along
the ridges (generally under water with the notable exception of
Iceland, sitting astride the Mid-Atlantic Ridge). This newly gener-
ated crust moves away from the ridges at a few centimeters a year in
the now-familiar process of “sea-floor spreading,” a term coined by
Dietz (1961), who credited Hess with the concept although an earlier
version had been proposed by Arthur Holmes (1931).

The Earth is tectonically a closed system, and newly generated
crust in most areas is eventually destroyed by “subduction,” in zones
several hundred kilometers deep in which the oceanic crust
descends, to be re-absorbed in the mantle by processes still not fully
understood. (Most active volcanos, notably those of the Pacific rim,
occur over these subduction zones.) These phenomena collectively
account for the term “ephemeral” used to describe oceanic crust, in
that sea-floor spreading and subduction recycle this crust in a few
hundred million years. Far from being primordial as suggested by
Chenoweth, very little of the basaltic ocean crust is more than about
200 million years old. The continental crust in contrast is at least
four billion years old and as will be argued later — from comparative
planetology — may be fundamentally “primordial.”

Since the emergence of the theory just outlined, many global tec-
tonic maps have been published. However, regardless of the validity
of plate tectonic theory itself, these maps have all been uncon-
strained by time limits, showing all mappable features of whatever
age. The word “features” is critical to understanding the map pre-
sented here, which is focussed on phenomena rather than features,
the phenomena being tectonic and volcanic activity of the “million-
year day.”

Two versions of the digital tectonic activity map (DTAM hence-
forth) are presented. The first (Fig. 1.1) is a composite of shaded
relief with superimposed tectonic and volcanic features; the second
(Fig. 1.2) is a schematic map showing the same features in purely
symbolic form, with the addition of continental/oceanic crust boun-
daries. The following discussion of the DTAM will be focussed

© Cambridge University Press www.cambridge.org



http://www.cambridge.org/0521661250
http://www.cambridge.org
http://www.cambridge.org

f the Earth from Space Research

New Understanding o

ty Press

1versl
0521661250 - Exploring Space, Exploring Earth

Paul D. Lowman

Excerpt
More information

Cambridge Un

3

pajreroudd Aja3re] dewn Jorjar papeys uo paseq

£BIILIO SILNOWESS PUE S1auad JlljEseq Jouy pazijeisusb  +° .
“s120K UOI(|IW BUO }SB] a4} UILIM SARDE SI3JUD JIUEDIOA
ap1s umoiyidn uo sgieq
‘pazijeiauab {(SaU0Z UOONPANS 'ISNIYLBAT) JiNey 8siaAsy ¥ T T

SPIS UMOILIUMOP UO saInyoey !
urepaoun A
‘3INJBU 2J5YM PAYSEP '3UOZ JINe) i0

(0661 'Sgp '10L "[euoneuIalu) P "sAydos e 18 sleweq)  V*
Jopow [-93ANN ek ‘ajel bupesids [210]
syney wiojsuel; pue sabpu Buipealds-AANoY —
[eNEISER]

‘Anjouwine dI[d)es woij

ey oyl Jo (WV.LA) dew £1anoe o1uo1od) [esi (1 Aeld 0s[e 99S)  1°T 31

L2202 puBlfiew Yaquasin

8661 1290190
181u8D Bl 298dS PIEPPOD/VSYN

uonoslosd uosuiqoy

sajeA qooaer pue ‘Auingsies "Q eiawag
‘Auswobiuopy ‘0 ueug ‘eyonsey Auuad “ip uewmon *Q Ined

SIBSA UOIIN BUQ ISBT OU} JO WSIUBDOA PUE WSIUOKDD [
H1dVv3 3HL 4O dVYIN ALIAILDY JINOL1Dd1 TvLIDia

o0

www.cambridge.org

iversity Press

© Cambridge Un



http://www.cambridge.org/0521661250
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press

0521661250 - Exploring Space, Exploring Earth: New Understanding of the Earth from Space Research

Paul D. Lowman

Excerpt

More information

*1 814 wo1y ‘(NVI1O) dewr £31an08 0110103] [8qO[S dnEWAYOS (T AB[d OS[B 29S)  T°T "SI

SJUNOUIBSS PUE Si jeseq Jouny pozieiouab e M 9661 199010
oA LOIIW BUO iSE( M BAIOE SIBIUSD DIUBD|OA o
Arepy ‘1equealn
8pIs umoiyldn uo sareq 1SN0 ouRe00 Ajulew [T L£202 PUE|
e Jelad Jubll eords PIEPPODASYN
uoyoslold uosuigoy
urepasun Al seleA goorp pue ‘Aingsijes "0 enawag
NjBU BI9UM PBYSEP 1BUOZ NE) 10 T “fiswoBuoy ‘0 ueLg ‘BYonsey Auusd “Ir UBWMOT ‘d INed

10664 '52¢ LOL TeuonauIsil 1 sAydoso e e slapeq) 7!
apow -JIANN Jeakaus sjel Buipesids |ejo | L\

SIBOA UOH[IA 2UQ ISET 89Ul JO WSIUBD|OA PUE WS008 |
H1HV3 IHL 40 dVIN ALIAILDV DINOLD3L TVEO0T1D

suney wilojsuen pue sebpu BupEsIds-ARAIDY L~
an3oal

=07

P A

g
sield  onoleluy

e,
.
ener by

.

°

o1eld

oyoed

si.ld
ooed

www.cambridge.org

© Cambridge University Press



http://www.cambridge.org/0521661250
http://www.cambridge.org
http://www.cambridge.org

Cambridge University Press
0521661250 - Exploring Space, Exploring Earth: New Understanding of the Earth from Space Research
Paul D. Lowman

Excerpt

More information

1.3 SEA-SURFACE SATELLITE ALTIMETRY

primarily on the relief version, with the objective of summarizing
the contributions of space data to its compilation. A series of seis-
micity maps, computer-drawn with the same scale and projection,
was essential for the DTAM and one is accordingly included (Fig.
1.3). Software and major data sources are given by Lowman et al.
(1999) and Yates et al. (1999).

1.3 Sea-surface satellite altimetry

The DTAM is derived from an enormous data base of surface and
space-related surveys and studies. The contribution of space data
begins with the delineation of the topography of the ocean basins
(that is, bathymetry) by satellite altimetry. Comparable maps
became available in the 1960s with publication of the now-classic
hand-drawn maps of Bruce Heezen and Marie Tharp, for several
decades familiar features of most introductory geology books. The
Heezen-Tharp maps were based on conventional marine surveys,
chiefly echo-sounding. But, since such surveys produced depth data
along single survey lines they could not begin to show the topogra-
phy of large uninterrupted areas of the ocean basins. Consequently,
many features had to be drawn by extrapolation in unsurveyed areas.

This situation has now been remedied by sea-surface satellite
altimetry (Sandwell, 1991; Smith and Sandwell, 1997). This method
(discussed in detail in Chapter 2) depends on the fact, first demon-
strated in 1973 by a radar altimeter carried on Skylab, that the mean
sea surface (after correction for tides, currents, and the like) forms a
very subdued replica of the underlying ocean-floor topography. The
effect is suggestive of snow-covered ground. It is caused by the
lateral gravitational attraction of ocean-floor relief features. A sub-
merged volcano, for example, will pull the surrounding ocean
toward itself, forming a very slight hump (generally a few meters at
most) on the overlying ocean. The ocean floor adjacent to a trench
will similarly pull the water very slightly away from the trench, which
will thus be mirrored in the overlying sea surface.

In the decades since the phenomenon was first demonstrated,
satellite altimetry has become an essential tool for mapping the
ocean floor. Hundreds of thousands of satellite altimetry passes
have been combined to produce a digital elevation model, available
from the National Geophysical Data Center, of almost the entire
ocean floor. It is that model on which the computer-drawn shaded
relief map of Fig. 1.1 is based. The software used for its construc-
tion exaggerates the relief, emphasizing it with pseudo-illumination
from the northwest. However, this map is fundamentally different
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1.5 SATELLITE REMOTE SENSING 7

from previous maps in being an objective one, not an artist’s rendi-
tion. Subject to scale and resolution limits, satellite altimetry has
given us a view of some % of the Earth’s surface that was until
recently much more poorly mapped than the near side of the Moon.
The active tectonic features shown in the schematic DTAM (Fig.
1.2) are thus offered as reasonably objective representations.

1.4 Satellite measurement of plate motion and
deformation

The digital tectonic activity map shows recent estimates of total sea-
floor spreading rates from the mid-ocean ridges. These estimates owe
nothing to space techniques, being based on the distances of dated
magnetic anomalies from spreading centers, as will be explained in
Chapter 3. However, space geodetic techniques (Robbins et al.,
1993), specifically satellite laser ranging (SLR) and very long base-
line interferometry (VLBI) have made it possible to measure inter-
continental distances with precisions on the order of one centimeter.
The Global Positioning System (GPS) is now filling in areas with
denser measurement nets. It is hardly necessary to point out that
such an achievement was unimaginable before satellite methods and
radio astronomy were available.

The contribution of satellite distance measurements to the
DTAM lies in the direct demonstration (Fig. 1.4) independently by
SLR and VLBI, that several islands in the Pacific Ocean, such as
Kauai, are moving northwest toward Japan at rates of roughly 6-7
centimeters per year. These rates are very close to those implied by
the NUVEL-1 sea-floor spreading estimates, which are averages for
about the last 3 million years. To extrapolate these spreading rates to
the motion of entire plates of course requires the assumption that
the plates are internally rigid. But here SLR and VLBI are again
useful, by showing that the inter-island distances are essentially con-
stant, that the Pacific Plate is indeed rigid to a close approximation.

In summary, the dynamic behavior of the oceanic crust as out-
lined by plate tectonic theory has been directly observed by space
geodetic methods, confirming estimates made by totally indepen-
dent measurements along the mid-ocean ridges.

1.5 Satellite remote sensing

The tectonic activity of large areas, especially in southern Asia, as
shown on the DTAM is derived to a major degree from satellite
remote sensing data, especially Landsat imagery. As will be
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8 1 PREVIEW OF THE ORBITAL PERSPECTIVE: THE MILLION-YEAR DAY
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Fig. 1.4 Vectors showing motion of space geodesy sites (fop) and baseline
lengths (bottom). Values in lower diagram are observed length changes
(combined SLR and VLBI solutions) above and length changes predicted by
NUVEL-1 model. From Robbins ef al. (1993).
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1.5 SATELLITE REMOTE SENSING

Fig. 1.5 (See also Plate I11) Gemini 12 photograph S66-63082; view to east
over the Zagros Mountains (left), Strait of Hormuz, and Makran Range.
Width of view 600 km. From Lowman (1999).

described in Chapter 4, the tectonic structure of Asia, especially
north of the Himalayas, was almost completely unknown until the
availability of satellite imagery, starting with hand-held 70 mm
photographs (Fig. 1.5) taken by Mercury and Gemini astronauts
(Lowman, 1999). The Tibetan Plateau, for example, was essentially
inaccessible for many years because of its remoteness and, after
World War II, political barriers. Satellites surmounted these bar-
riers, providing superb synoptic views of hundreds of thousands of
square kilometers. Landsat images were first used to produce tec-
tonic maps of Tibet. Chinese geologists were among the first to use
Landsat for similar maps, and in the years since, satellite imagery has
become widely used to map the tectonic structure of not only south-
ern Asia but other parts of the Alpine fold belt and even supposedly
well-mapped areas such as northern Norway.

Satellite imagery not only reveals the existence of large faults in
remote areas, but often gives a good idea of their current activity by
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10 1 PREVIEW OF THE ORBITAL PERSPECTIVE: THE MILLION-YEAR DAY

showing features such as fault scarps and offset streams. This is only the
beginning of a rapidly expanding field, since satellite radar interferom-
etry and space geodesy by means of the Global Positioning System, to
be described in Chapter 2, are rapidly complementing satellite imagery.

The DTAM is explicitly a very generalized map, especially in its
representation of continental volcanism. The contribution of space
data here also comes from satellite imagery. As will be described,
many previously-unmapped volcanos have been found with Landsat
imagery and astronaut 70 mm photography starting with the Gemini
missions of the mid-1960s. However, the real value of satellite
imagery for showing volcanism is simply in making the map’s com-
piler aware of geomorphically fresh, and hence young, volcanos and
lava flows in previously-mapped but remote areas. The best available
compilations of active volcanos are restricted to historical records,
covering the last 10,000 years. By revealing many other young but
historically inactive volcanos and lava flows, satellite imagery has
made it possible to produce the first global representation of vol-
canic activity extending back about one million years.

1.6 Satellite magnetic surveys

The existence of the Earth’s magnetic field has been known for cen-
turies, and scientific study goes back to the time of Queen Elizabeth
I, as we will see in Chapter 3. However, it has been an extremely
difficult feature to study. To begin with, it is highly variable, from
minute to minute during solar storms, or over hundreds of
thousands of years during reversals of the Earth’s main magnetic
field. Additionally, the magnetic poles are constantly moving. A
recent Canadian geophysical expedition on Ellesmere Island found
that the north magnetic pole actually passed under them while they
were at one camp site. (Canada has been a traditional leader in geo-
magnetic studies; it may help to own one of the magnetic poles.)
Moreover, magnetism in general was not understood until the 19th
century, in particular until the work of James Clerk Maxwell.

Study of the Earth’s crustal magnetism was given a jump start,
so to speak, during World War 11, when greatly improved magne-
tometers for submarine detection were developed. Aeromagnetic
studies in the early post-war years discovered many valuable ore
deposits, in Canada and elsewhere. However, such studies are time-
consuming and expensive. Mapping of crustal magnetism in the
oceans is even more time-consuming when done by ships. The next
big step forward in the study of geomagnetism came with the
launching of artificial satellites.
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