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ABSTRACT

Mass spectrometric techniques for the measurement of 230p, 4

2340 have been developed. These techniques have made it possible to

230’1‘1’1 dating of corals using very small

reduce the analytical errors in
samples. Samples of 8 X 107 atoms of 2°°Th can be measured to an
accuracy of +130 9/co (2 sigma), 6 X 108 atoms of 23°Th can be measured

230’1‘h can be measured

to an accuracy of *29 ©/oco, and 3 X 1010 atoms of
to an accuracy of *2 C/oo. The time range over which useful data on
corals can now be obtained ranges from 15 to 500,000 years. The error
in age (based on analytical error) for a sample that is 18 years old is
+3 years (2 sigma). The error is *5 years at 180 years, +44 years at
8294 years, and *1 ky at 123.1 ky. For young corals, this approach may
be preferable to 14(: dating. |
Fluctuations in climate result in changeés in sea level because the
ice stored in continental glaciers is ultimately derived from the
ocean. Certain species of coral grow close to the sea surface.
Fossils~ of these species therefore record the former height of the sea
surface. The precision with which the age of a coral can now be
determined makes it possible to determine, with some precision, the
timing of sea level fluctuations in the late Quaternary. This record
will allow a critical test of the Milankovitch hypothesis, which
predicts the timing of Pleistocene clinéte fluctuations from changes in
the distribution of solar insolati@ that result from changes in the
earth's orbital geometry. Analyses of a number of corals that grew

during the last interglacial period yield ages of 122 to 130 ky. The ‘
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ages coincide with or slightly postdate the summer solar insolation
high at 65°N latitude, which occurred 128 ky ago. This supports the
idea that changes in Pleistocene climate can be the result of orbital
forcing.

Apparent fluctuations in sea level recorded on tectonically active
shorelines are the result of both sea level change and vertical
tectonic movement. If the record of sea level change is known (e.g.,
from the coral record in a stable area), this record can be subtracted
from the record of apparent sea level change, in the tectonically
active area, to yield a record of wvertical tectonic movement. The
precision with which coral ages can now be determined may allow us to
resolve the ages of individual coseisimic uplift events and thereby
date prehistoric earthquakes.

This possibility has been examined at two localities, northwest
Santo Island and north Malekula Island, Vanuatu. Previous work (Taylor
et al., 1980, 1985a, 1987) showed (using the counting of annual growth
bands to determine ages) that the tops of partially emerged coral heads
at each locality died at the same time as the last major earthquake at
each locality (Mg=7.5, 1973, on northwest Santo; and Mg=7.5, 1965, on
north Malekula). It was concluded that the tops of these coral heads
were killed by coseismic uplift. At each locality, there were also
canpletely emerged coral heads, which were inferred to have been killed
by earlier coseismic uplift events. These could not be dated by growth
band counting because the coral heads were campletely dead.

The accuracy of 230Th ages of very young corals was tested by

dating portions of three corals whose ages were known from the counting
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of growth bands. Within analytical error, the 230’1'11 ages were the same
as the growth band ages for all three samples (dates of growth by

counting growth bands - A.D. 1971 to 1973, A.D. 1935 to 1939, and A.D.

230'1‘1’1 measurements - A.D. 196913,

A.D. 1932¢5, and A.D. 1806 5 [2 sigms1) demonstrating that the 290Th

1804 to 1810; dates of growth from

ages were accurate.

230'1‘1'1 growth dates of the surfaces of adjacent emerged coral

The
heads, collected from the same elevation (1.2 m) on northwest Santo
Islard, were, within analytical error, identical (A.D. 18664 and A.D.
1864+4). This indicates that the corals died at the same time and is
consistent with the idea that they were killed by coseismic uplift.
Similar adjacent coral heads on north Malekula Island yielded 2°Omh
growth dates of A.D. 1729*3 and A.D. 1718:%5. The ages are similar but
analytically distinguishable. The difference may be due to erosion of
the ocuter, younger, portion of the latter coral head. Using the date
of the large historical earthquake at each locality and the 23°Th
growth date of the emerged corals at each locality, recurrence
intervals of 108 years for northwest Santo and 236 years for north
Malekula are calculated.

This experiment has shown that it is possible to date corals that
grew in the past several centuries to accuracies of *3 to *5 years (2
sigma). The main problems with applying this approach to determine
seismic histories will be associated with the preservation of fossil

corals that have been killed by coseismic uplift and the ability to

identify such features in the field.
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1. Introduction

The study of natural processes that have occurred in the
geologically recent past is satisfying and important because (1) young
features tend to be well preserved in the geologic record, (2) well
constrained studies can be designed since parameters may be similar to
their present day values, and (3) ongoing processes can be observed
today and may be documented in the historical record. Thus, the study
of Quaternary features provides a unique opportunity to examine
natural processes in extreme detail.

The Quaternary is characterized by great fluctuations in the mass
of continental glaciers. Evidence of these glaciations dominates the
surface geology of a large portion of the northern hemisphere. The
search for the causes of the glaciations has intrigued scientists ever
since Agassiz (1840) first proposed the glacial theory. Sea level
fluctuates as glaciers grow and decay because the ice stored in
glaciers is ultimately derived from the ocean. Therefore the glacial
record is preserved in features which record paleo-sea level. In this
study, I wish to determine, with accuracy and precision, the timing of
sea level fluctuations as a means of shedding light on the causes of
the Quaternary glaciations.

Time is a fundamental variable, of great importance in geologic
studies. A problem with many Quaternary studies is the inability to
date materials in this time range. Conventional 1"'c dating has a
range of up to about 5§ X 104 years. K-Ar techniques (Radicati di
Brozolo et al., 1981; Bailey et al., 1976; Gillespie et al., 1984) and

rarely Rb-Sr (Radicati di Brozolo et al., 1981; see Papanastassiou,
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1970) have been used to date K-rich volcanics as young as about 105
years old, but the availability of such materials is limited and the
analytical uncertainty is large. A number of nuclides in the 2380,
235U, and 232’1’11 decay series have half lives that are appropriate for
dating Quaternary materials. The main problems with the so called
disequilibrium dating schemes are unknown initial conditions, possible
diagenetic alteration, and analytical uncertainty.

The purpose of this study is to develop a high precision technique
to date corals that grew in the last half million years. Corals are
dated by the method of ionium (230Th) ingrowth, one of the
disequilibrium dating schemes. The major advances discussed here are
the development of high precision, high sensitivity techniques to
measure 230 and 234y abundances. Use of these techniques allows one
to calculate ionium ages that have small errors (based on analytical

230'1'11 and 234'U can be measured

uncertainty). The precision with which
also allows one to examine, in some detail, diagenetic changes that
may have altered the ionium clock. The ultimate goal is to determine
the history of late Quaternary sea level fluctuations and vertical
tectonic movements as a means of understanding the causes of global

climate change and the nature of tectonic movement near the earth's

surface.
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2. The 238, decay series and disequilibrium dating: a historical

perspective

2.1 Secular equilibrium and ionium dating

2 206

38U decays through a series of intermediate daughters to Pb

238y, has a mean life (6.449 X 109

(figures 2.1 and 2.2). The parent,
v) which is much longer than the mean life of any of the intermediate
daughters. In such a scheme, if a material remains closed to chemical
exchange over time scales that are long compared to the mean lives of
the intermediate daughters, then the nuclides in the series approach a
state of secular equilibrium (Rutherford, 1905; Bateman, 1910). In

this state, the activities of all the nuclides in the series are

equal; i.e.:

Ni2; = Np2y = N3giz = +++ = Npip, (2.1)

where Nj is the number of atoms of nuclide i, 23 is its decay
constant, and the product Nji; is its activity. At secular
equilibrium, the ratio of the activity of any of the daughters to the
parent is unity (Nj2j/Ni1ia1 = 1). Imagine that such a system is
disturbed (figure 2.3) and the activity ratio for nuclide i
(Nj23/N121) is shifted from unity due to chemical fractionation of
element i from element 1. At time t,, the system becomes closed, with
Nj23/Nj2; different from unity. With the passage of time, Njij/Njij
approaches unity again. The approach to unity is a function of time,
which can be calculated by solving the equations of radioactive

production and decay if the initial state of the system is known.



Figure 2.1. The uranium-238 decay scheme (Friedlander et al., 1981).
The vertical axis is the number of protons; the horizontal axis is the

number of neutrons. The times under the nuclides are mean-lives.
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Figare 2.2. The uranium-238 decay scheme through thorium-230. The
times underneath the nuclides are the mean lives used in this study.
Note that the mean life of uranium-238 is much longer than the mean

life of any of the intermediate daughters.
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Figure 2.3. Daughter/parent activity ratio versus time illustrating
how decay series isotopes can be used for age determinations. If the
mean life of the parent is much longer than the mean life of any of the
intermediate daughters, then the system approaches a state of secular
equilibrium over time scales that are long compared to the mean lives
of the daughters. In this state, all of the daughter/parent activity
ratios are unity. An event that chemically fractionates a daughter
nuclide from the parent nuclide changes this ratio. If the system
becomes closed to chemical exchange, then the daughter/parent activity
ratio will again approach unity as prescribed by the laws of
radioactive production and decay. If the initial state of the system,
immediately after the fractionation event, is~ known, then the time
since the fractionation event can be determined from the measured
daughter/parent ratio and the solution to the equations for radicactive
production and decay. For thorium-230 dating of corals, the
daughter/parent ratio is the 230'1‘}1/2380 ratio; the chemical
fractionation event is the weathering and transport of uranium to the
ocean; the system becomes closed with initial 230Th/238U close to zero
when coral aragonite crystallizes from seawater that has a low
230T1'1/238U ratio; and the 230’1?1/238U activity ratio approaches unity

by radioactive decay.
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Thus, if the initial activity ratio at time t, is known and the
activity ratio at time t; can be measured, the interval of time ti-
to can be calculated. All disequilibrium dating schemes, including
ionium dating, are based on these pi'inciples. For ionium dating of

corals, it is assumed that the initial 2aoTh/238

U ratio, when the
coral grew, is zero. As time passes, if the coral skeleton remains
closed to chemical exchange, the 23o’l‘h/238U activity ratio approaches

unity. This is the basis for ionium dating of corals.

2.2 Early studies of 238U and its daughters

The early studies of 2380 and its decay products led to an
understanding of the nature of radioactivity. Becgquerel (1896 a-e)
discovered that uranium compounds darkened photographic plates that
had not been exposed to sunlight. Curie and Curie (1898) showed that
uranium and thorium compounds darkened photographic plates and ionized
air and concluded that radiocactivity was an atomic phenomenon. They
also showed that some natural uranium minerals were more active than
uranium metal and concluded that other radiocactive substances must be
present in these minerals. This observation led to the discovery of

radium and polonium and, over the next decade, most of the nuclides in

the 238y, 235 ang 2321 gecay chains. Rutherford and Soddy (1902)

isolated ThX (224Ra, half life = 3.6 days) and demonstrated that its
activity decayed exponentially with time. Similar experiments on UX
(234Th) and radioactive "emanations" (220Rn and 222Rn) and
obsenzétions of their decay and ingrowth after chemical separation led

Rutherford and Soddy (1902) to conclude that radicactivity accompanies
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change from one chemical atom to another and that changes must be
occurring within the atom. Rutherford (1905) solved the equations of
radioactive production and decay for a system with a parent and three
intermediate daughters. Bateman (1910) later solved the same
equations for an indefinite number of daughters with arbitrary initial
state.

Ionium was discovered by Boltwood (1907a,b). The name refers to
its ability to ionize air, a property which it shares with all alpha-
emitters. Boltwood realized that ionium had chemical properties
similar to those of thorium but refers to it as a new element. The
concept of an isotope was put forward several years later.

An important early study (Joly, 1908) suggested that
disequilibrium could exist in natural materials. He determined radium
concentrations in deep sea sediments, which had been collected during

the Challenger expedition, and discovered that radium (226Ra) activity

in deep sea sediments was extremely high. Because analytical
capabilities to measure small amounts of uranium had not yet been
developed, he could not unequivocably demonstrate that radium was out
of equilibrium. He suggested, however, that the uranium (238U) that
was (the ultimate) parent of the radium was contained in ocean water.
Joly's observation would eventually lead to an understanding that
ionium is separated from uranium in seawater and that surficial deep
sea sediments a_md seawater are complementary reservoirs. The

sediments have 230Th/238

230 2

U activity ratios much higher than unity;

seawater has Th/ 380 ratios much lower than unity. The low

230,, ,238

Th/“°"U ratios in seawater are of fundamental importance in ionium
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dating of corals because the assumption is made that the initial

230Th/238

U ratio in corals is zero.
2.3 Quantitative measurements of decay series nuclides

After an initial decade of intense study, little was learned
about disequilibrium in natural materials over the next three decades.
This was largely due to analytical difficulties associated with
measuring small amounts of U and Th decay series nuclides. One

226Ra concentration. 22

22

measurement that could be made was 2Rn is the

immediate daughter of 226}1’a and is a gas. 2Rn emanating from a

radium separate, could be collected, its activity measured, and the

22 226

original 6Ra concentration calculated. Ra concentrations were

determined in a number of natural materials in the 1930's (Piggot,
1933). These measurements confirmed Joly's measurements showing high
226Ra concentration in deep sea sediments.

Urry (1941) presented a method for direct determination of
uranium concentration by chemical separation, drying the uranium
fraction to a thin film on a brass plate, and measuring the activity
of the plate. He could measure the uranium concentration to a
precision of +20% (2 sigma) using a sample size of several micrograms
(1016 atoms) of uranium. Using this method, it was demonstrated that
the 226R‘a/mau activity ratio in deep sea sediments was much greater
than unity (Urry, 1941; Piggot and Urry, 1941), confirming the

supposition of Joly (1908). Piggot and Urry (1942) measured 226Ra and

238U concentrations as a function of depth in deep sea sediments. The

226

shape of the Ra profiles indicated that, if post-depositional
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remobilization had not occurred, the 230,238y . tjyity ratio in

surficial deep sea sediments must be greater than unity and suggested

that the cause of the high 226Ra concentrations was the separation of

2 226 230

30Th from 23817 in seawater, not separation of Ra from Th.

Direct confirmation of this was only possible when techniques were
developed to measure ionium abundances.
The measurement of ionium activity could not be accamplished in

the same straightforward manner as the uranium measurements. If it is

23 238

assumed that 4U and

U are in equilibrium, then the three
naturally occurring isotopes of uranium are present in constant

proportions. Therefore, the measurement of total activity in a

238

uranium separate is proportional to the U activity and the

proportionality constant is known. The proportions of the six
naturally occurring isotopes of thorium can vary by large amounts in

2

natural samples, so the activity of 30Th cannot be calculated from

the measured total activity of a thorium separate. The major sources

230

of alpha-activity (besides Th) in a thorium separate are 2281y, and

232Th. Isaac and Picciotto (1953) developed a method to correct for
2281m and 232Th activity. They coated a photographic plate with the
thorium fraction and counted the resultant alpha-tracks. The tracks
for 228'1'h decay were '"stars" with five branches because 2'28‘1’11 is the
parent of four very short-lived alpha-emitting daughters. Both 2°OTh
and 2%?Th produce single alpha-tracks. 2°2Th was assumed to be in
equilibrium with 22®Th allowing the calculation of 22?Th activity and
230Th activity by difference. Using this method, they could measure

230Th abundance to a precision of *20% (2 sigma) using several hundred
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picograms of ionium (1012 atoms). They showed that ionium activities

22

in deep sea sediments were comparable to 6Ra activities, confirming

the idea that high 226Ra concentrations in sediments were due to

separation of 230’1‘11 from uranium in seawater.

230

2.4 230q, 23

4U, and 238U measurements by alpha-spectrometry

2380 as a function of

Barnes et al. (1956) measured ionium and
depth in corals from drill core at Elugelab Island. Ionium was
measured by pulse analysis of the thorium fraction. These are the

first ionium measurements in natural materials, which used pulse

height analysis to resolve the energies of the alpha-particles. The

230Th/238U activity ratios that were

corals near the surface had
s ae s . 230,, ,238 Cals X

indistinguishable from zero. The Th/“" U activity ratio generally
inc;'eased with depth to a value close to unity in the deepest part of

the core. These data clearly demonstrated that initial 230‘1‘1'1/2380 in

corals was low, that this ratio increased with stratigraphic age, and
that ionium dating of corals was plausible.
Cherdyntsev (1955) demonstrated that the 234U/2380 activity ratio

in some natural waters was different from unity, a surprising result,

238

since 234U and U are separated from each other by only two short

lived intermediate daughters. Thurber (1962) demonstrated that the

234U/238

then, measurements have shown that most surface waters have

U activity ratio in seawater was 1.15 * 0.06 (2 sigma). Since

234U/ZSBU

activity ratios greater than unity (see Ivanovich and Harmon, 1982).
Values as high as 16 have been reported in terrestrial spring water

(Szabo, 1982). Soils generally have 2340/2380 activity ratios less
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than unity (Ivanovich and Harmon, 1982), and the separation of 234y

238

from U is thought to occur during the weathering process. The

separation 1is thought to be associated with recoil when an alpha-
particle is ejected from a 238U atom. Because of the effect of alpha-
recoil, the resulting 234’1‘11 atom is likely to be located in a damaged

site in the crystal lattice. 234’Th is short-lived and decays in a

234

matter of days to U by giving off two beta particles. The

34 238

separation of 2 U from U may be due to (1) recoil ejection of the

234’1‘}1 out of the crystal lattice into a solution, or (2) preferential

£ 234

leaching o U because it occupies a damaged site (see Ivanovich and

Harmon, 1982).

Broecker (1963) derived the 230

230

Th age equation for corals subject

to the assumption that initial Th was zero, téking into account the

fact that the 2340/2380 activity ratio in seawater was different from

unity. Thurber et al. (1965) and Broecker and Thurber (1965) measured

230m,, 234y, ana 238y in corals by alpha-counting, using pulse height

232 2

Th,

analysis and using U and 2281h tracers. This alpha-counting

technique and minor variations of this technique would prove to be the
standard method for measuring 2301y, apundances and uranium isotopic
composition in natural materials for the next twenty years. Thurber
et al. (1965) analyzed corals from drill core from Eniwetok Island and

showed that corals near the surface had 230’1’h/2380 close to zero, that

230 238 234, . ,238

Th/ U increased with depth in the core, that U/77"U0 and

230’1‘1'1/2380 activity ratios in a miocene coral were indistinguishable

from unity, and that within analytical error, 230’1‘h ages were the same

as 14C ages of corals. Thus, the ionium method of dating corals
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appeared to be valid, and over the next decade this method was applied
to fossil corals as a means of determining the timing of sea level
fluctuations in the late Quaternary (see section 7.1).

In the 1970's and 1980's the approach stagnated because the
' precision of the alpha-counting methods was not high enough to clearly
resolve the ages of successive sea level rises (see section 7.1,
figure 7.2). The precision of the measurements also limited the
ability to test for diagenetic alteration of corals, which might

230

result in shifts in 230'1‘h ages. Thus, the accuracy of the Th ages

was open to question.
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3. The astronomical theory of Pleistocene climate change
3.1 Milankovitch's formulation

The modern version of the astronomical theory of Pleistocene
climate change was formulated by Milankovitch (1941). Using the
principles of celestial mechanics, he calculated changes in the
geometry of the earth's orbit and rotation axis back through time and
hypothesized that the changes in the distribution of solar energy
reaching the earth, which resulted from the changing orbital geometry,
caused the fluctuations in Pleistocene climate observed in the
geologic record. Milankovitch believed that hot summers in the
northern hemisphere would favor degléciatim, whereas cool summers in
the northern hemisphere would favor glaciation. The rationale was
that in order to form a glacier, snow cover had to last throughout the
year. Snow cover would best be preserved during a cool summer. The
seasonality of the northern hemisphere was thought to be critical
because most of the continental area is in the northern hemisphere and
because large continental glaciers were located in the northern
hemisphere during the Pleistocene.

Milankovitch calculated the position and orientation of the earth
relative to the sun over the past 600,000 years. The results of a
modern version of this calculation (Berger, 1978) are shown in figures
3.1 and 3.2. The results can be described by three time dependent
variables, the obliquity of the ecliptic (figure 3.3), the
eccentricity of the earth's orbit (figure 3.4), and the precession
parameter (figures 3.3 and 3.4). The obliquity of the ecliptic is the

angle between the earth's axis and a normal to the earth's orbital
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Figure 3.1. Calculated values of the eccentricity of the earth's orbit
(dashed 1line), the obliquity of the ecliptic (solid 1line), and the
precession index (dash-dot line) for the last 250 ky years (after
Berger, 1978). The values for eccentricity are shown on the left side;
the values for obliquity are on the extreme right side in degrees; and
the values for the precession index (the sine of the angle between
perihelion and the wvernal equinox minus theApresent value of this
quantity) are on the right side immediately adjacent to the right

ordinate.
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Figure 3.2, Upper diagram: the values for summer solar insolation
received at 65°N latitude calculated from the curves in figure 3.1
(after Berger, 1978). The time range is 160 ky ago to present. The
units on the vertical axis are percent above the present value of
summer solar insolation at 65°N. Milankovitch (1941) hypothesized that
this curve has controlled the earth's climate in the Pleistocene. If
so, then a plot of sea level height for the same time range should
resemble this curve. The times of high sea level as determined in this
study will be campared to the times of high insolation (shown in this
figuré) in chapter 11.

Lower two diagrams: similar to upper diagram but for 45°N and
80°N latitudes. The relative values of the major insolation highs
change slightly with latitude, but the timing of the major peaks does

not shift significantly.
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Figure 3.3. The present value between a normal to the earth's orbital
plane and the earth's axis (the obliquity of the ecliptic) is 23.5°.
As this value increases, the seasons become more extreme. The arrows
denote precession of the axis, which changes the time of year at which
the earth reaches perihelion. This also changes the distribution of
solar energy received at the earth as shown in figures 3.1 and 3.2.

(after Imbrie and Imbrie, 1986).
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Figure 3.4. The earth's orbit showing the present relationship between
the major axis of the eliptical orbit and the seasons in the northern
hemisphere. Precession causes this relationship to change with time.
The earth goes through one precession cycle in about 21,000 years.

(After Imbrie and Imbrie, 1986).
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plane. The present value is 23.5° and it has ranged from about 22° to
about 24° during the Pleistocene (figure 3.1). The obliquity is
roughly periodic with a period of about 41,000 years. High values of
obligquity would result in high sumer insolation and low winter
insolation. The resulting warm northern hemisphere sumrers would
favor deglaciation according to Milankovitch's hypothesis.

The eccentricity of the earth's orbit has varied from close to
zero to about 5% during the Pleistocene and the present value is quite
low (figure 3.1). It has a period of roughly 100,000 years. The
effect of eccentricity on the distribution of solar energy received by
the earth depends on where the earth is in its precession cycle, i.e.,
on the season during which the earth reaches perihelion. In the
present geometry, the earth reaches perihelion during the northern
hemisphere's winter and aphelion during summer in the northern
hemisphere (figure 3.4). According to Milankovitch's hypothesis, the
lower values of insolation in the northern hemisphere during summer
and the resulting cool summers would favor glaciation. If all other
parameters were held constant at their present values and the
eccentricity were increased, the northern hemisphere summers would be
even cooler and glaciation would be even more strongly favored.

The earth's axis precesses with a period of about 21,000 years
(figures 3.1-3.4). About 11,000 years ago perihelion occurred during
the northern hemisphere's summer. Milankovitch would consider this
geometry favorable to deglaciation. Thus, precession and eccentricity
work in concert; the magnitude of the eccentricity determines the

magnitude of the effect and the position in the precession cycle
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determines the nature of the effect (whether glaciation or
deglaciation is favored). The precession index accounts for both of
these effects (figure 3.1) and is defined as the eccentricity times
the sine of the angle between perehelion and the the wvernal equinox
minus the present value of this product. This parameter is a sine
wave whose amplitude is modulated by eccentricity. If has a period
of 21,000 years. High values would favor deglaciation and low values
would favor glaciation. The present value is an intermediate value.

The values of the orbital elements shown at the top of figure 3.1
can be used to calculate the solar insolation received at the top of
the atmosphere as a function of latitude and time. The results of
such a calculation for average insolation received during the summer
half year at 65°N, 45°N, and 80°N are shown in figure 3.2 (Berger,
1978). The average summer solar insolation received during the summer
half year at 65°N latitude has a range of approximately 8% of its mean
value during the Pleistocene. The highest values are at times when
the values of obliquity, eccentricity, and the precession index are
all high. Milankovitch viewed the 65°N curve as the critical function
that controlled climate. The choice of 65°N as the critical latitude
is naminal. The rationale was that this latitude was appropriate for
the generation of continental glaciers. The continental glaciers in
Eurasia in the Pleistocene were located at about this latitude whereas
the Laurentide ice sheet in North America was located between the
latitudes of 45° and 80°N. Comparison of the 65°N curve with curves
of significantly different latitudes (45°N and 80°N; figure 3.2) shows

that the relative values of the major insolation peaks change slightly
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with latitude, but the timing of the major peaks does not change
significantly. The confirmation of the Milankovitch hypothesis, in
the strictest sense, would require extracting evidence from the
geologic record that demonstrates that some measure of the state of
the earth's climate such as average temperature or ice volume

correlates exactly with the 65°N curve.

3.2 Testing the astronomical theory

The Milankovitch theory is unique among the theories of the
causes of the Pleistocene glaciations because it predicts the timing
of climatic changes and is therefore testable if the appropriate
information is preserved in and can be extracted from the geologic
record. A rigorous test of the Milankovitch theory would require an
accurate calculation of the 65°N curve as well as a method to
deterﬁline accurately the state of the earth's climate in the past. If
one could perform such a test, a positive result would indicate that
(1) the earth's climate responds to changes in the geometric
relationship between the earth and the sun, (2) of the possible curves
that could be calculated from the orbital parameters, the 65°N curve
is the one that controls climate, and (3) there is no phase lag
between orbital forcing and climatic response. A negative result
would indicate that one of the three statements is not true. Thus, if
climate does respond to orbital forcing, a negative result might
provide insight into the mechanism that causes the earth's climate to

respond to changes in orbital geometry.
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3.3 The accuracy of the orbital parameters

The calculation of the 65°N curve is an approximation as the
analytical solution to the problem is not known. Thus, the difference
between the true solution and the approximation is also not known.
The accuracy of various calculations is assessed by comparing
different solutions. The timing of the inflection points for
obliquity and precession are not different by more than 1000 years
over the past 400,000 years for the most recent published calculations
(Berger, 1978; Vernekar, 1972). On this basis, it is presumed that
the calculation of the 65°N curve is accurate to within 1000 years.
As the periods of the orbital parameters are >2 X 104 years, the
accuracy is sufficient to allow a critical evaluation of the

astronomical theory.

3.4 A forward calculation

Peltier and Hyde (1986) and Hyde and Peltier (1985) have modeled
the response of the earth's climate, in terms of ice volume, to
insolation forcing. The model constrains summer solar insolation to
change in a harmonic fashion. The model considers the growth and
decay of a ring-shaped continental glacier (figure 3.5, see Birchfield
et al., 1981), which is bounded poleward by an ocean that limits its
expansion in this direction. The glacier changes its volume and
geometry by ablation, accumulation, and ice flow. The zone of
ablation is separated from the zone of accumulation by a line of
constant slope that emanates from the climate point. The model

accounts for changes in insolation by moving the climate point. At
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Figure 3.5. Schematic diagram of the model used by Birchfield et al.
(1981) and Hyde and Peltier (1985) to calculate the response of the
earth's climate to orbital forcing (after Hyde and Peltier, 1985). The
model considers a polar ice sheet that is bounded to the north by an
ocean. This ice sheet grows and shrinks in response to changes in
insolation. The climate point is the intersection of the 0°C isotherm
and sea level. The climate surface is the line that extends from the
climate point and delineates the shift in latitude of the 0°C isotherm
with change in elevation. The intersection of this surface with the
surface of the ice sheet is the latitude that separates the zone of
ablation from the zone of accumulation. Changes in insolation are
introduced by displacing the climate point northwards and southwards.
This changes the latitude that separates the zone of ablation from the
zone of accumulation. The model considers changes in ice volume
resulting from glacial dynamics and isostatic readjustments of the
crust under the ice sheet. If the crust were subsiding while the
position of the climate point and the shape of the ice sheet were held
constant, the latitude separating the zone of ablation from the zone of
accumilation would move northward. Similarly, if the crust and climate
point were held at constant positions and the glacier were allowed to
flow, then the latitude separating the zone of ablation from the zone
of accumulation would shift because the surface of the ice sheet would

intersect the climate surface at a different latitude.
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times of high insolation, the climate point is displaced poleward; at
times of low insolation, the point is displaced towards the equator.
The model also considers subsidence and rebound of the crust due to
loading and unloading of the ice sheet. If the crust is subsiding,
the line separating the zone of ablation from the zone of accumlation
moves to higher latitude and if the crust is rebounding, it moves to
lower latitude. If the climate point did not move, the glacier would
reach a steady state volume. However, in the model, the climate point
changes latitude in a periodic fashion because of insolation forcing.
The summer solar insolation is constrained to vary sinusoidally with a
period of 20,000 years, approximating the effect of precession on
changes in insolation. The results of the Hyde and Peltier (1985)
calculation are shown in figure 3.6. In the course of one cycle of
ice sheet growth and decay, the glacier generally grows for 80,000
years, then melts rapidly in about 10,000 years. The whole cycle
takes about 100,000 years. Superimposed on the main cycle are smaller
cycles of growth and decay that have a period of 20,000 years. The
phase lag between a minimum in the insolation curve and a local
maximum in the ice volume curve is about 5,000 years. Although the
results are certainly quite dependent on the values of input
parameters, this model shows that the response of the earth's climate
to orbital forcing may be quite complicated and that phase lags may be
involved. If orbital forcing does control climate, differences
between an accurate 65°N curve and an accurate measure of the state of
the earth's climate in the past, may shed light on the nature of the

forcing function and the earth's response to the forcing function.
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Figure 3.6. Ice volume versus time as calculated by Hyde and Peltier
(1985) using the model shown in figure 3.5. For this calculation, the
changes in insolation were constrained to vary harmonically with a
period of 20 ky. The preferred curve is labelled (b). The other
curves show how the curve would shift if different values of the
ablation rate were used in the calculation. The difference between the
curves shows that the model is sensitive to the wvalues of input
parameters. The difference between these curves and the harmonic
insplation curve shows that the response of climate to insolation

forcing may not be simple.
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4. The state of the earth's climate fram the geologic record
4.1 Fluctuations in sea level and the state of the earth's climate

Methods for determining the state of the earth's climate during
the Pleistocene have focused on estimating changes in the volume of
ocean water as a function of time. At present, 97.6% of the world
surface water is contained in oceans, 1.7% in continental glaciers,
0.6% in rivers, lakes, and ground water, and only trace amounts in the
atmosphere (Flint, 1971, p.83). During the peak of the Wisconsin
glaciation it is estimated that about 5% of the surface water was
contained in continental glaciers. If the total volume of surface
water and ice has remained constant and the fraction of water contained
in rivers, lakes, and ground water has not changed by large amounts,
then the volume of water in the sea is directly related to global ice
volume.

If the geometry of the ocean basins has not changed, then a
measure of sea ievel height is equivalent to a measure of ocean volume.
Of the processes that could change the geometry of the ocean basins,
several can be disregarded on the basis of simple calculations. If
isostatic compensation did not occur, the ocean floor could be raised.
by adding sediment. If one takes an average sedimentation rate of 0.5
cm/1000 years, over the course of 100,000 years only 0.5 m of sediment
is added to the ocean floor. This is negligible compared to the more
than 100 m of sea level rise generally thought to accompany a glacial
to interglacial transition.

It is well known that oceanic crust forms at topographic highs

and that as the crust ages and cools, it subsides. If the average age
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of oceanic crust were to change, then the average depth of the basins
would also change. Consider an ocean that is 10,000 km wide, contains
one centrally located mid-ocean ridge which has a half-spreading rate
of 5 cm/yr, and no subduction zone. Assume that the youngest crust is
2000 m below sea level, the oldest crust is 6000 m below sea level, and
the depth increases linearly with age. The average age of the crust is
50 my. In 100,000 years, the average age of the crust will increase by
50,000 years and the average depth by 2 m. This is negligible
especially considering that fact that this value must be a maximum
since the effect of subduction was not considered.

The slope of the continental shelf is not vertical or constant.
Therefore, the change in sea level height is not directly proportional
to the change in ocean volume. It can be shown, rather trivially, that
for a shift in ocean volume equivalent to a shift in ocean height of
about 100 m, the shift in height for the real ocean does not differ by
more than 10 cm from the shift in height for a hypothetical vertical
sided ocean. |

One effect that is important in changing the geometry of the ocean

basins on timescales of 105 years is the effect of isostatic
readjustments associated with the unloading of glaciated areas and the
loading of the oceans during a glacial to interglacial transition and
the reverse process during an interglacial to glacial transition. For
example, marine strandlines that formed during the last deglaciation
near Hudson Bay and along the Baltic Sea now stand hundreds of meters
above sea level (Flint, 1971), despite the fact that the oceans must

have increased in volume by about 3 % during the last deglaciation and
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increased in average depth by over 100 m. However, these localities
were heavily glaciated and represent extreme examples where the crust
has rebounded significantly because of unloading. The apparent changes
in sea level along these coastlines are quite different from the
average change in sea level over the same time period. Although, in
general, apparent changes in sea level along a given coastline are not
the same as the average change in sea level, the difference between
these quantities (due to isostatic effects) is small for coastlines far
from the sites of glaciation (Clark et al., 1978).

In addition to isostatic effects, changes in apparent sea level
may be caused by local tectonic effects. Although local tectonic
uplift or subsidence may not significantly alter the geometry of an
ocean basin, it may shift the height of a fossil marine strandline so
that it no longer accurately records an earlier sea level height.
Local tectonic effects cannot be isolated, in a rigorous manner, from
shifts in sea level that result from changes in ocean volume. It is
generally assumed that tectonic effects are small along coastlines far
from plate margins, for instance, along certain ocean islands or along
passive continental margins. In summary, if local effects are ignored,
the difference between the height of sea level today and at some time
in the past is directly related to the change in ice volume over that
time period and is therefore a measure of the state of the earth's

climate at that time.
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4.2 A model for determining the timing and height of sea level, rates
of sea level rise, and rates of tectonic uplift

If it could be established (1) that a given coastline was
tectonically stable, (2) that a material had been continuously
deposited right at the sea surface aon this coastline, (3) that this
material has not been eroded and (4) that one could date this material
infinitely precisely, then the ages and heights of this material would
provide a continuous record of sea level change (figure 4.1). If a
similar material had been contimuously deposited on a tectonically
active coastline, then the difference between the sea level curve from
the stable coastline and the apparent sea level curve from the
tectonically active region would provide a contimuous record of
tectonic movement at the tectonically active site (figure 4.1).

This ideal cannot be realized. Not only are the four stipulations
not, in general, strictly true, but also there are sampling problems
imposed by the present state of the earth's climate. We are now in an
interglacial period; sea level is high. Therefore, virtually all of
the record of Pleistocene sea level fluctuations on tectonically stable
coastlines is below sea level and not easily accessible (see figure
4.1). There is some controversy concerning the exact number, timing,
and height of sea level maxima in the last 200,000 years. However, in
this period, there is only one generally agreed upon case (the last
interglacial period) when sea level was above present sea level.
Therefore, if one works above water in stable regions, one is
constrained to determining the height and timing of one sea level

maximum.
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Figure 4.1. Schematic diagram showing how one could determine the
history of sea level fluctuation and vertical tectonic movement by
dating a hypothetical material that was deposited continuously right at
the sea surface. If this material was deposited on a tectonically
stable shoreline, then the present ages and heights of this material
would provide an accurate record of past sea level changes (upper
diagram). This record could be subtracted from a similar record
obtained from a tectonically active region (middle diagram) to yield a
record of vertical tectonic movement (lower diagram) for the
tectonically active region. One of the problems with this approach is
that wvirtually all of the record from tectonically stable areas is
presently under water and relatively inaccessible. At tectonically
rising localities, more of the record is preserved subaerially. Because
the record from stable localities is fragmentary, the tectonic
component of uplift must be interpolated through time in order to
extract information about sea level height from the more complete
record at the tectonically rising locality.

The diagram is drawn assuming a constant uplift rate. This need
not be the case. For the periods of time over which a continuous
record can be obtained from both a stable locality and a tectonically
active locality, the potential exists to determine the fine details of
the tectonic component. This may allow the determination of the times

and amounts of coseismic uplift as will be shown in chapter 10.
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If one works on coastlines that are being actively uplifted, then
some of the record that is below sea level in stable regions may be
subaerially exposed (see figure 4.1). In order to extract a valid sea
level curve from the apparent changes in sea level recorded on a
tectonically active coastline, the tectonic component of movement must
be subtracted off. This is possible (1) if it can be shown that a
deposit on the tectonically active shoreline formed right at sea level
at the same time as a similar deposit on a stable shoreline and (2) if
it is assumed that the uplift rate at the tectonically active site has
been constant. In this case, one can determine the average uplift rate
at the tectonically active site and a sea level curve for the
accessible portion of the record at the tectonically active site.

The above approach depends on the ability to identify material on
the tectonically active coastline, which was deposited at exactly the
same time as material on a stable coastline. However, one does not
know, a priori, what piece of material on an active coastline might
correlate in time with material on a stable coastline. Indeed, because
of the discontinuous nature of such records and the inaccessibility of
much of the record, it may not always be possible to find time
correlative material. The most accessible portion of the record is the
higher portion of the record, which is more likely to be above present
sea level. If one considers a single rise and fall of sea level, a
portion of the record that is likely to be accessible and recognizable
in the field, is the ‘material that was deposited when sea level reached
its maximum height relative to a given land mass.

In a stable area, the height of a material with such
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characteristics marks the maximmm height reached by the sea during the
transgression. The age of such a material is equivalent to the time of
the sea level maximum. As will be shown below, the age of such a
material from a tectonically active coastline is not, in general, the
same as the time of the sea level maximum, and the height of the
material corrected for tectonic uplift is not the same as the height of
the sea level maximum. Although such material from a stable area and
similar material from a tectonically active area are not time
correlative, I will demonstrate that if one makes an additional
assumption about the shape of the sea level curve, then one can place
constraints on Soth the uplift rate at the tectonically active site and
the height of sea level at the time the material was deposited at the
tectonically active site.

Consider the following model (figure 4.2). Assume again that (1)
uplift rate at a given locality is constant and make the additional
assumption that (2) the change in the height of sea level with time has
negative curvature over an appropriate time range. The ordinate in
figure 4.2 is absolute height and the abscissa, time. The curve
labeled "Sea level" represents a single rise and fall of sea level.
The slopes of the lines labeled "High uplift," "Low uplift," and
"Stable" represent uplift rates of different land masses. The lines
are drawn tangent to the "Sea level" curve because this is the highest
position on each land mass that is covered by seawater. For the
"Stable" locality, seawater reaches this vertical position on the land
mass at the same time (T3) that sea level reaches its maximum height

(Hz). However, for a locality undergoing uplift, seawater reaches its
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Figure 4.2. A model showing how the ages and heights of material
deposited during a single rise and fall of sea level are related. The
model assumes that the sea level height wversus time curve has negative
curvature over an appropriate time period and that the tectonic uplift
rate at a given locality is constant with time. The model considers
material from localities with different uplift rates. At each
locality, the material under consideration was deposited when sea level
reached its highest level on that land mass. This material is
deposited at times when the uplift lines are tangent to the sea level
curve. The material therefore records the times at which sea level was
rising at the same rate as the land mass, and may be used to determine
the rate of sea level rise as a function of time. Because this set of
materials did not form at the same time, the true tectonic uplift rate
and the true initial height of the material from the tectonically
active localities cannot be calculated; however, bounds can be placed
on these quantities as shown in the next figure. The model is testable
because it predicts that the material with the oldest ages should have

the highest present heights.
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highest position on the land mass before sea level reaches its maximum
height. The higher the uplift rate, the earlier sea level reaches its
highest position on the land mass. Seawater reaches its highest
position on a land mass at the time that sea level is rising at the
same rate as the land mass.

The assumptions of the model are, to some extent, testable because
the model predicts that the deposits with the higher present heights
should have the older ages (for Hj>H,>Hs, T3>T2>T;). The uplift rate
of the land mass can be estimated as follows. The true uplift rate at
the "High uplift" locality is the present height of the deposit (H;)
minus the helght of the deposit from the "Stable" locality (H3) divided
by the time that the "High uplift" deposit was at height, H3; i.e. (Hp-
H3)/T4. The time, T4 is not known but it must lie between T; and T3.
Therefore, the uplift rate must lie between (H;-H3)/T; and (H;-H3)/T3
(figure 4.3). As discussed above, the deposit forms at the time that
sea level is rising at the same rate as the land mass. Therefore, the
bounds on uplift rate are equivalent to bounds on the rate of sea level
rise at the time the material was deposited. Using the bounds on
uplift rate, the age (Tl)' and the present height (Hl)' bounds can be
placed on the initial height (H;-[H1-H3][T1/T3] < initial height < Hj;
see figure 4.3) of the deposit, which is equivalent to the height of
sea level at the time the material was deposited. Thus, if one can
determine the ages and heights of such deposits and establish that one
of the localities is stable, one can, subject to the assumptions of the
model, constrain the height of sea level and rate of sea level rise at

discrete times, constrain the rates of tectonic uplift at different
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Figure 4.3. Calculating bounds on uplift rate and initial height using
the model shown’, in figure 4.2. If the assumptions of the model are
correct, the true uplift rate must be bounded by the slopes (Hl"HS)/Tl
and (H)-H3)/T3. Because the true age of the material is known, bounds
can be placed on the initial position of sea le§e1 at this time. This
approach is used in chapter 11 to estimate sea level heights from the

record on Barbados.
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localities, and determine the timing and height of the sea level
maximum,

Maximum rates of sea level rise are typically much larger than
rates of tectonic uplift. If sea level rise curves have negative
curvature, as assumed, then the approach described above is limited, in
practice, to portions of the curve near the maximum when the rate of
sea level rise is much smaller than the maximum rate and is similar to
rates of tectonic uplift. Thus, the ages of the described deposits,
for the localities that are being uplifted, would in practice represent
times prior to the time of the sea level maximum when sea level was

close to, butJust below its maximum height.

4.3 Conditions of coral growth

The conclusions of the above discussion depend on the supposition
that there exist marine deposits that form at the sea surface, and can
be dated. The extent to which coral skeletons meet these stipulations
will be discussed below.

Stony corals are animals that belong to the phylum coelenterata,
class anthozoa, order scleractinia (Barnes, 1974, pp.122 - 136). They
are closely related to sea anenomes, which belong to the same class.
Many species of stony corals and all hermatypic (reef-building) corals
contain symbiotic yellow-brown algae (zooxanthellae) within their
cells. Because the algae require light to live, hermatypic corals do
not live below certain depths. Some species of scleractinian corals
exist as colonies whereas others exist as solitary organisms. Solitary

corals have diameters of up to 25 cm. A single colonial head coral can
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grow to be more than 10 m in diameter. All scleractinian corals have
aragonitic exoskeletons, which serve as a point of attachment for the
rather fragile organic 1living portion of the animal. The bulk of the
volume of a coral colony is taken up by the skeleton. The living
portion of a colony is a thin organic layer, which covers the upper
surface of the skeleton. As the colony grows, the surface, living
portion, of the colony deposits layers of aragonite underneath it,
increasing the volume of the skeleton and the surface area covered by
the organic portion. The living portion of the colony is made up of
many polyps (individual organisms), which are connected by organic
tissue. The number of polyps in a colony increases by asexual budding.
Corals also reproduce sexually and release free-swimming larvae which
settle and start new colonies.

Hermatypic corals grow under a rather narrow range of conditions.
Although stony corals grow at depths of over 6000 m and at all
latitudes (Goreau et al., 1979), hermatypic corals are generally
restricted to depths of less than 100 m (Goreau and Wells, 1967) and
tropical and subtropical waters (figure 4.4). In waters with mean
anmual temperatures below about 18°C, hermatypic corals generally do
not grow fast enough to generate coral reefs although isolated colaonies
may exist in slightly colder water (Wells, 1957). The number of
hermatypic species that grow in water below 18°C is much smaller than
the number that grow in warmer water (Wells, 1957). Corals generally

do not grow in waters with salinity less than 30 0/55 or greater than

40 ©/oco (Hopley, 1982, p.83), although the species Porites lobata can

grow in water as saline as 43 ©/oco (Hopley, 1982, p.97).
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Figure 4.4. The world distribution of coral reefs (black patches,
after Goreau et al., 1979) showing that coral reefs are generally

restricted to the tropics.
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4.4 Zonation of coral species

Different species of hermatypic corals thrive in different
environments. This results in a characteristic zonation of species in
a reef environment. Species are zoned with respect to depth and
distance from the reef crest. An understanding of this zonation is
absolutely critical in determining past sea level heights. The
zonation is reflected in the number of species that grow at different
depths. This number drops sharply between 0 and 15 m (figure 4.5,
Wells, 1957). The number of species is correlated with the amount of
solar energy reachmg a given depth, and it is thought that the species
diversity is largely controlled by this parameter. The shape of
individual coral colonies may also change as a function of depth.
Barnes (1973) has shown that colonies of Montastria annularis growing
off Jamaica are shaped like hemispheres above a depth of 5§ m, have a
columar form below 5 m, and can have irrregular or platelike forms at
depths of greater than 25 m. Numerous studies of living and fossil
reefs have established a characteristic zonation of species for a
Caribean fringing reef (Goreau, 1959; Goreau and Wells, 1967;
Mesolella, 1967; Taylor et al., 1985b; figures 4.6 to 4.8). A reef can
be divided into four zones (figures 4.6 to 4.8). The deepest is the
coral head zome which is located on the fore-reef slope below about 15
m. This is dominated by the head coral, Montastria annularis and head
corals of the genus Siderastria. Higher up the slope, at depths
between 5 and 15 m, is a zone that is made up almost solely of the
branching coral Acropora cervicornis. The creét of the reef, from 0 to

5 m, is composed dominantly of colonies of the branching coral,
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Figure 4.5. Number of coral species versus depth and Bikini Atoll
showing that species diversity decreases rapidly with depth (after

Wells, 1957).
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Figure 4.6. Schematic diagram of a Caribbean coral terrace showing the
characteristic species zonation (after Mesollela, 1967). The coral
head zone is dowinantly head corals; the Acropora cervicornis zone is
made up almoéfw;olely of this species of branching coral; the Acropora
palmata zone occurs at the reef crest and implies a shallow water
environment; the rear zone is dominantly head corals, many of which
also grow in the coral head zone. Photographs of these zones are shown

in figures 4.7 and 4.8.
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Figure 4.7. Upper photograph: taken underwater looking up toward the
sea surface. The coral is all Acropora palmata. The distance across
the bottom of the photograph is about 0.5 m. This shows Acropora
palmata living in very shallow water. (Photograph by David C. Smith,
Virgin Is.)

Lower photograph: fossil Holocene coral feef from Canada Honda,
Enriquillo Valley, Dominican Republic showing the Acropora cervicornis
zone. All of the coral in the photograph is Acropora cervicornis. The

wasp nests provide scale.
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Figure 4.8. Upper photograph: coral terraces on the west coast of
Barbados. The most prominent terrace is the Rendezvous Hill Terrace;
the two less prominent terraces shoreward from the Rendezvous Hill
Terrace are the Ventnor and Worthing Terrace. The distance across the
photograph from the shore inland is about 2 km. (Photo courtesy of
F.W. Taylor.)

Lower photograph: the coral head zone of the fossil Holocene reef
at Canada Honda, Enriquillo Valley, Dominican Republic. All of the
coral skeletons in the photograph are head corals mainly of the genus

Siderastria. F.W. Taylor is collecting sample CH-19-2.
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Acropora palmata. Moving back from the crest, the proportion of A.
palmata colonies gradually decreases, and head corals such as M.
annularis and Siderastria sp. reappear along with Porites sp. This is
termed the rear zone (Goreau, 1959). A. palmata is the best indicator
of past sea level height because it grows at the reef crest. Although
isolated colonies of A. palmata are known to grow at depths as large as
17 m (Goreau and Wells, 1967), the zone that is dominated by A. palmata
typically does not extend below 6 m. Some workers have inferred that
paleo-sea level was within 2 m of outcrops of fossil A. palmata
presumably based on the height of the outcrop above the A. cervicornis
- A. palmata transition (Bender et al., 1979). Although somewhat more
complicated because of the larger number of species, zonation of reefs
in the Indo-Pacific region is fundamentally similar to that of the
Caribbean reefs (see Wells, 1957). It is clear that an understanding
of species 2zonation in an outcrop of fossil corals is critical in
understanding the former height(s) of sea level relative to the
outcrop, and that under favorable circumstances, one should be able to

establish this height difference to within a few meters.

4.5 Mechanisms of skeletal growth in corals

Scleractinian coral skeletons are made up dominantly of fibrous
aragonite crystals that have diameters of 0.05 to 0.7 microns and are
elongated along the c-axis. Each species grows fibers with a
characteristic diameter (see Constantz, 1986). These fibers radiate
from a linear array of submicron sized crystals called centers of

calcification (Ogilvie, 1896). The geometry of the skeleton is not
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unlike a series of test tube brushes held together with their axes
aligned subparallel to each other. The centers of calcification are
represented by the axes of the brushes and the aragonite fibers by the
bristles. Newly deposited centers of calcification in the species
Mussa angulosa have recently been shown to be made up of calcite
(Constantz and Meike, in prep.). These calcite crystals may be of
intracellular origin (Constantz, personal commmnication).

The geametry of the skeleton suggests that the calcite crystals
are the sites of nucleation for the aragonite fibers. The mechanism
that causes the fibers to crystallize is not well understood. The
fibers are similar in shape to inorganically precipitated marine
aragonite. U/Ca ratios in coral skeletons are also similar to U/Ca
ratios in inorganically precipitated aragonitic ocolites (Tatsumoto and
Goldberg, 1959). This has led to the idea that the crystallization
process 1is similar to inorganic precipitation and that the organism
simply provides nucleation sites (centers of calcification) and a
supersatura’ted solution from which the aragonite precipitates (see
Constantz, 1986). Although this provides a general notion of how the
skeleton is produced, questions about how the supersaturated solution
is produced, how each species produces aragonite crystals of
characteristic diameter, and how such a simple process could result in
skeletons that have such a regular and species épecific geometry remain

unanswered.
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4.6 Growth rates of coral skeletons and growth band dating

Some hermatypic coral skeletons have regular variations in bulk
density that show up as bands parallel to the growth surface in x-
radiographs of slabs of the skeleton (figure 4.9). Each band is
composed of a high density and a low density layer. Knutson et
al.(1972) examined slabs of coral skeleton collected from living corals
at Bikini Atoll. Comparison of x-radiographs and auto-radiographs of
the same slabs demonstrated that the bands were annual. The ages
(determined by counting of growth bands back from the living surface of
the coral) that corresponded to the dark portions of the auto-
radiographs were identical to the times of extensive bomb testing.

Dating corals by counting annual growth bands has been important
in a wide variety of studies including studies of coral growth rate
(e.g. Baker and Weber, 1975), studies of initial 145 .bundance and the
timing of El Nino events (Druffel, 1981), and the ages of corals killed
by coseismic uplift (Taylor et al., 1980, 1985a, 1987). The method,
however, has the following limitations. Many corals have irregular or
indistinct growth bands and cannot be dated by this technique. The
surface of the coral must be alive. Corals may live to be over 600
years old, but colonies older than 200 years old are uncommon. Dating
by growth bands is therefore, in generél, limited to the past two
centuries.

From growth band studies, hermatypic coral colonies have been
shown to deposit skeletons at rates of 0.3 to 20 cm/y (Hopley, 1982,
pPp.74-75). Head corals have growth rates of about 1 cm/y, whereas the

branching Acropora species have growth rates of about 10 cm/y.
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Figure 4.9. X-radiograph of a portion of sample CWS-A which was
drilled from a living Goniastria retiformis coral head in 1981. The
anmual growth bands are clearly visible. The assigned years of growth
are shown in F.W. Taylor's handwriting on the left. Fragments selected

from the portions of the sample labelled "A" and "B" yielded a 2307y

growth date of A.D. 1969 * 3 (2 sigma, see section 8.3 and figure 8.2).
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Vertical rates of reef accretion have been estimated by coring of

Holocene reefs and dating the coral skeletons by the 14¢ method. The

rates range from 0.02 to 2.1 cm/y (Hopley, 1982, p.224).

4.7 Coral terraces and sea level fluctuations

Terraces composed largely of coral skeletons are distinctive
features along the shorelines of many tropical islands. The terraces
may be submerged or subaerially exposed. On some islands, flights of
several tens of terraces may be exposed (figures 4.8 and 4.10 to 4.12).
Most coral terraces can be demonstrated to be canstructional features
based on the relationship between species zonation and topography (see
figure 4.6; Mesollela et al., 1969).

Based on the rates of reef accretion (séction 4.6), one would
surmise that it would take several thousand years to generate the
rather large planar upper surface of a terrace (figures 4.6 and 4.11)
from an initially irregular surface, and that in order to do this, sea
level must be relatively stable over this time period. Sea level is
stable on a given land mass when the rate of tectonic uplift is equal
to the rate of sea level rise (tangent points on figure 4.2). Coral
terraces are therefore likely to develop at these times. If this is
the case and no erosion has occurred, the highest surface on a coral
terrace marks. the highest position on that land mass reached by
seawater. Coral collected from this pbsiticm has the characteristics
of the material discussed in section 4.2, and is therefore subject to
the analysis presented there. As noted at the end of that section,

rates of tectonic uplift tend to be much smaller than maximum rates of
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Figure 4.10. Upper photograph: terrace sequence from the Huon
Peninsula on New Guinea. The highest terrace grew during the last
interglacial period and is about 300 m above sea lewvel. Tectonic
uplift rates on the Huon Peninsula exceed 3 m/ky. (Photograph by A.L.
Bloom. )

Lower photograph: single coral terrace from the south shore of
Hispaniola. The top of the terrace is 7 m above sea level. This
terrace formed during the last interglacial peribd. This shoreline has

not undergone significant uplift in the past 105
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Figure 4.11. Terrace sequence from the west coast of Barbados. The
most prominent terrace is the Rendezvous Hill Terrace, which formed
during the last interglacial period. The distance across the bottom of

the photograph is about 2 km. (Photo courtesy of F.W. Taylor.)
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Figure 4.12. Schematic diagram showing that one would not expect
material that was formed continuously at the sea surface to be
deposited in uniform amounts at all elevations on a shoreline. These
diagrams were constructed from the '"stable" and '"rising" curves in
figure 4.1 based on the assumption that material was deposited at a
constant rate right at the sea surface. The width of the dark band
represents the amount of material deposited on a shoreline at that
elevation (normalized to an arbitrary value). Comparison of 'A', 'B',
and 'C' in figure 4.1 and this figure shows that large amounts of
material are deposited at a particular elevation on a shoreline when
the rate of change in sea level with time is equal to the rate of
tectonic uplift (i.e., the tangent points in figures 4.2 and 4.3).
Comparison of the upper and lower diagrams shows that the record tends
to be better resolved on the tectonically rising coast and that more of
the record is above present sea level on the tectonically rising coast.
On a real coastline, when large amounts of material are deposited at a
given elevation on a shoreline, this material takes the form of a

terrace.
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sea level rise. Therefore, in practice, tangent points on rising
coastlines occur prior to the time of a sea level maximum when sea
level is just below its maximum height. The tangent point on a stable
coastline occurs at the time and height of a sea level maximum. If the
upper surfaces of coral terraces are deposited at tangent points, then
terraces deposited on rising and stable coastlines must form at the
time of a sea level maximum or prior to it and at the height of a sea
level maximmm or just below it.

Coral terraces should form under analogous situations during sea
level minima (figure 4.12). However, there are reasons why these
terraces are unlikely to be sampled. Because present sea level is
relatively high, terraces formed during sea level minima on stable
coastlines are currently submerged. Terraces formed during sea level
minima could be raised above present sea level by tectonic movement.
However, sea level minimum terraces would tend to be covered by sea

level maximum terraces during the course of tectonic uplift.

4.8 The oxygen isotope record in deep sea sediments

In addition to determining the Quaternary sea level curve using
the coral record, attempts have been made to determine changes in the
volume of vgater contained in the oceans using oxygen isotope

stratigraphy of deep sea sediments. Emiliani (1955) showed that the

18O/ 16O ratio of foraminifera recovered from deep sea cores changes

with depth and, for a particular core, has a range of about 1.6 ©/co.
He attributed this shift to changes in seawater temperature, which

resulted in changes in the degree of fractionation of the oxygen
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isotopes between calcite and water. It was later demonstrated
(Shackleton, 1967; Shackleton and Opdyke, 1973) that, for the latter
part of the Quaternary, the shift was largely due to changes in the
isotopic composition of ocean water. This is presumably due to changes
in the fraction of water contained in glaciers. Glacial ice is

1

depleted in 18y relative to %0 and extraction of progressively more

water to form continental glaciers would result in ocean water that was
progressively more enriched in 18O. Thus, changes in the isotopic
composition of foraminifera with depth in deep sea cores have been
interpreted to represent changes in ice volume with time. The main
problems with this approach are (1) bioturbation of the upper ten
centimeters or so of sediment, resulting in homogenization of sediments
that have age differences of thousands of years (even for locations
with extremely high sedimentation rate), and (2) problems with
assigning an absolute age to a specific depth in a core.

The latter represents a particularly serious problem because if
one wishes to test the astronomical theory, one needs a climatic record
with accurate ages. Several depths in a core may have ages that are
fairly well known. If the top of the core has not been disturbed
during the coring process, then the top has an age of zero. The
youngest portion of a core can be dated by the 14(3 method. The depth
of the first magnetic reversal in the core can be assigned an age of
(0.73 + 0.02) X 106 y (Mankinen and Dalrymple, 1979). The depth of the
first 180/160 minimum that has a value less than the present value is

assumed to have the same age as the last corals that grew above present

sea level. Assuming that the correlation is correct, the validity of
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this age assignment depends on the accuracy and precision of the coral
age. This will be discussed in detail in the following chapters. It
is often assumed that sedimentation rates are constant between the
depths that have been assigned ages (see Hays et al., 1976).

Important insights into the relationship between orbital geometry
and climate have been gained by analysis of the 185,165 record in deep
sea sediments. The validity of these insights is of course dependent
on the accuracy of the assigned timescale. Spectral analysis of the
record from a number of cores shows that a large fraction of the
variance in the record occurs at frequencies corresponding to periods
of about 100,000, 40,000, and 20,000 years (Hays et al., 1976; Imbrie
et al., 1984; figure 4.13). The agreement between these periods and
the periods for eccentricity, obliquity, and pi'ecession (figure 4.13)
suggests that some of the variability in Pleistocene climate is due to
orbital forcing. A closer loock at the spectrum shows that by far the
greatest variance occurs at a period of about 100,000 years. Although
eccentricity has a period of about 100,000 years, it is not clear why
changes in eccentricity should cause changes in climate. Changes in
eccentricity only cause changes in the distribution of insolation when
modulated by precession which has a much shorter period. Thus, it is
possible that the agreement between the dominant period in the oxygen
isotope record and the quasi-period of eccentricity is fortuitous. The
cause of the 100,000 year period is enigmatic.

In summary, spectral analysis of the oxygen isotope record shows
significant variance at periods of about 20,000 years and 40,000 years.

These are similar to the periods of precession and obliquity and
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Figure 4.13. Upper diagram: the axygen isotope record recovered from
benthic foramenifera in deep sea core RC11-120 (Hays et al., 1976).
The highest peak is oxygen isotope stage Se, which is thought to
represent the last interglacial period.

Middle diagram: power spectrum for the summer solar insolation
received at 60°N latitude (Hays et al., 1976).

Lower diagram: power spectrum for the curve in the upper diagram
after ages were assigned to some of the dépths of the core, and
constant sedimentation rates were assumed between these points.
Comparison with the middle diagram shows that there are peaks that
correspond to the period of obliquity (41 ky) and the precession period
(23 ky and 19 ky). However, most of the variance is at lower
frequency. This frequency corresponds roughly to the period of
eccentricity. However, there is no obvious reason why climate should
respond specifically to changes in eccentricity because the percent
variance in the insolation curve at the period of eccentricity is

negligible (Hays et al., 1976).
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indicate that some of the variability in Pleistocene climate is due to
orbital forcing. The dominant peak occurs at 100,000 years and is not
clearly related to orbital forcing. There is also a continuum
underneath the three peaks, which is of unknown origin.

It is hoped that the determination of an accurate and precise sea
level curve from coral dating will complement and extend the insights
gained from the oxygen isotope record. In particular, an accurate sea
level curve would provide information about phase lags between orbital
forcing and climatic change and indicate whether major climatic
changes, not obviously related to orbital forcing, have occurred. The
key characteristic of such a sea level curve would be an accurate
knowledge of the timing of climatic change. The key characteristic of
the oxygen isotope record is its contimuous nature. Ultimately, one
would wish to construct a combined climatic curve that takes advantage
of both characteristics. This would require correlation of points on

the oxygen isotope curve with dated coral terraces.
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S. 238U 234 230Th Th systematics

5.1 Solutions to the radioactive decay equations

The 2380 decay series with only the nuclides pertinent to this

discussion is shown below:

238, 234, 230, 206,

6.446 X 109 y 352.7X 103y 108.8X 103 y

The times below the arrows are mean lives. The time scale for ionium

dating is dependent on and similar to the mean lives of the pertinent

intermediate daughters. The mean life of 2380 is several orders of

magnitude longer than any of the intermediate daughters. Therefore,

over time scales appropriate for ionium dating, we can assume that the

number of atoms of 2380 in a sample does not change due to radiocactive

decay. If it is also assumed that (1) the number of atoms of either

238U, 2340, or 230Th does not change due to chemical processes, and

230, ,238

that (2) the initial Th/"" U ratio in corals is zero, then the

equations of radioactive production and decay can be solved to yield

two equations that can be used to calculate the initial 234 /2380 ratio

and the age of a coral as a function of the measured 23"'U/238U and

230T1’1/238U ratios. Let 230'I'h, 2340, and 2380 refer to the number of

atoms of each muclide; 1j = the decay constant for nuclide i; T = time;

234 238

30mm,/2%8y) (2 U/“700) (Aggy/Anag) — 1s

fa30 = ¢ 230" %238) = 1i fazq = 234" %238
the superscript ° refers to the initial state (at T = 0). The activity

230 _,230 238 234, _
Th/ U]act—( Th/ U)(/T230/1238), and ¢ U =

1} {1000}. The initial state (assumption (2)

ratio [

234, 238
L7000 (2954725 0g) =
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above) is:

— o - _
at T=0, fou = -1 (5.1)

The equations for radioactive production and decay are:

(d230Th/dT) = 2 U-2 Th (5.2)

(a%34y/ar) =

|
>
a

|
>
a

(5.3)

Using the assumption that 238U is constant with time, substituting, and

rearranging, I calculate the following analogous equations:

df230/9T = A330(F234 = F230) (5.4)
and
Af 53479T = ~2534(fp34) - (5.5)
Equation 5.5 can be integrated directly and yields:
f234 = [f°234][exp(—3234'1‘)]- (5.6)
Substituting equation 5.6 into 5.4 and rearranging yields:
23079 + Ap30F230 = 22307 "234 [P(=253,T)] (5.7)

which is a first order linear differential equation whose solution is:
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F230 = 23412307 (123074234 ) 1[83P ("33, T)] + Clexp(-2y5,T)]  (5.8)

where C is a constant of integration. Solving for C using equations

5.1 and 5.8 and substituting into 5.8 results in:

Substituting for f° using equation 5.6 yields:

234

f2307F 23422307 (23072034 1 1 173D (= (295472504 ) 1-€XD(=2554) . (5.10)

Substituting for f230, f and f°

234’ 234 in equations 5.6 and 5.10, I
obtain: '
230,, ,238 .
[“7Th/"70), -1 = -exp(-2,,,T) +
234
[8777U(0) /10001 [ 4554/ (255572pa,) 1 [1-€XD(= (2555255, )T) (5.11)
and

Equation 5.11 (originally derived by Broecker, 1963) gives the age as a

function of the decay constants and the measured 234U/238U and

230Th/2380 ratios and is plotted in figure 5.1. Equation 5.12 gives

the initial 23""U/;"BBU ratio when the coral grew as a function of the

measured 22%y,/2%8y ratio and T. It is plotted in figure 5.2. For
convenience, the 234U/‘%BU ratio has been reformulated into é-notation.
The present 6234U value is:
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Figure 5.1. Graphical representation of equation 5.11. The initial

230Th/2380 ratio at T=0 is assumed to be zero. For 6234U(T)=0, the

230, ,238

[ Th/ U]ac t ratio approaches unity asymtotically with increasing

time. For a system that initially has the isotopic composition of

seawater (6234U(T)=150), the position of the curve is slightly

different.
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Figure 5.2. Graphical representation of equation 5.12. Using T
determined with egquation 5.11, the measured uranium isotopic

composition (6234y;4))  and the curve defined by equation 5.12, the

initial uranium isotopic composition (52%%y(T)) can be determined.

52340 approaches zero asymtotically with increasing time.
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5234 234U/238 234,238

u)/(~7u/77Tu) 1 - 1} X 1000 (5.13)

U(0) = {[( eq

This represents the fractional deviation of the measured 2340/2380

ratio from the 2>%/?8y value at secular equilibrium [(?3%y/%%8y)

eq
in parts per thousand. The initial 5234U value when the system was

isolated from seawater is given by 6234U(T). The measured 2:BOT!'\/"'):BBU

atomic ratio has been represented as an activity ratio

230 230,, ,238

T™/?%%y]_ ) by multiplying the 230mm,

([ U atomic ratio by the

act

ratio of the decay constants (2230/'2238)'

1t 52%%y(T) is known, equations 5.11 and 5.12 represent two
independent chronometers. I have chosen to use equation 5.12 not as a
chronometer but as a means of calculating 6234U(T) with the value of T
determined from equation 5.11 (figure 6.2). If it is assumed that the
uranium isotopic composition of seawater is constant with time, a
difference between the calculated 5234U(T) and the present seawater

value would indicate that the uranium in the coral was not derived via

234

closed system evolution from normal seawater. The calculated §“~"U(T)

therefore provides an independent check of whether the coral has
behaved as a closed system.
232’1’1‘1 is not a muclide in the decay chain shown above and does not

appear in equations 5.11 ar 5.12. It has an extremely long mean life

(2.0212 X 100 years (Le Roux and Glendenin, 1963)) and can be

considered stable over the time range considered here. Comparison of

232, ,238 232, ,2

the Th/ U ratio in an o0ld coral with the Th/ 380 ratio in

modern corals would indicate whether substantial differential addition

238

or leaching of U or 232’1‘1’1 had occurred subsequent to coral growth.
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2

Since the chemical properties of 230Th and 32Th are the same,

232'1‘11/2380 ratio provides another check of the closed

knowledge of the
system assumption used in deriving equation 5.11. Detailed discussion

of the validity of the closed system assumption and the assumption that

23

initial 23%m/238y is zero will follow in later sections.

5.2 The 52°%0(0) vs. [230Th/238mact plane
A convenient way to examine uranium and thorium isotopic data is
in plots of measured uranium isotopic composition vs. measured

2305, /2385 _otio (figure 5.3). The abcissa and ordinate in this plot

Th/
represent measured quantities and therefore the depiction of analytical
errors is rather straight forward. If time contours and contours of
equal initial uranium isotopic composition are drawn, the plot includes
information contained in both egs. 5.11 and 5.12.

The ordinate and abscissa in figure 5.3 along with time, T, are
the variables in eq. 5.11. The derivative of 62340(0) with respect to
[230 238

Th/“ U]
contours of equal time in the 62340(0)—[230Th/

at constant T is a function only of T and therefore
238

act

U]act plane are lines.

For T=0, the line is coincident with the ordinate as is required by the

230

initial condition [ m/238U] =0. As T increases, the slopes of the

act
lines of equal T decrease to a minimum value Of (1-A,4,/4,,0)10° for
very large T. Lines of equal T are shown in figure 5.3.

By combining equations 5.11 and 5.12, one can calculate the
positions of contours of equal initial 62340. These contours are not
lines as can be seen in figure 5.3. I refer to these contours as

closed system trajectories. Each of these contours describes how the
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Figure 5.3. A plot of 5234U(0) versus [230Th/238U]act‘ Both of these
variables are measured quantities. The diagram is constructed from
equations 5.11 and 5.12, which were derived assuming that at T=0,
230Th/238U=0 and that the system is closed to chemical exchange.
Contours of equal time are lines that decrease in slope with increasing
time. Time trajectories start on the y-axis at T=0 and end at the
point (0,1) at T=w. All trajectories asymtotically approach the
T=LARGE line. The specific trajectory is dependent on the initial
uranium isotopic composition. Present seawater has a 6234U value of
150 (see section 8.1). Therefore, as time pésses, corals that are
growing now will have isotopic compositions that are defined by the
trajectory labelled "150." If a fossil coral does not plot on this
trajectory, this indicates that the sample has been altered, that the
isotopic composition of uranium has changed with time, or that the
coral did not grow in normal seawater. None of the closed system

trajectories plot in the stippled region. If a fossil coral plots in

this region, it has been altered.
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isotopic composition of a material with no initial 230w, 4h3 a2 given

234U changes with time if the system is closed to chemical

initial ¢
exchange. As required by the initial conditions, each trajectory
starts on the ordinate at T=0. The trajectories all end at the point
(0,1) at T==. All systems that have reached secular equilibrium lie on
this point.

The plot with both sets of contours has several important
characteristics. If one plots the isotopic composition of a material
on this graph, one can immediately read off (1) the age of the material
using the time lines and (2) the initial 6%%U, by following the
trajectory back to the y-axis. The veracity of the age and initial
uranium isotopic composition are, of course, subject to the wvalidity
of the assumption that the system has remained closed to chemical
exchange. In some instances, the plot may be used to test this
assumption. Note, for example, that there are no closed system
trajectories in the region labeled "altered" in figure 5.3. A material
that plots in this region either was chemically altered or started with
an isotopic composition that would have plotted in the "altered"
region. In some cases one may know what the initial uranium isotopic
composition was. In such cases, if the material does not plot on a
trajectory that intersects the y-axis at the known value of initial

234

é U, then either the material has been altered or the material did

not start out with 230‘1‘1’1/2380 equal to zero. For instance, as I will

discuss in subsequent sections, the 6234

234

U of present seawater is known
and the 6°7°U of corals that grew dquring the last two centuries is the

same as the seawater value. Therefore, if the isotopic composition of
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uranium in seawater has remained constant with time, then all corals
that grew in normal seawater and have not been altered must lie on the

trajectory that intersects the y-axis at the 6234

U value of present
seawater. If a coral lies off this trajectory, then it has been
altered, the isotopic composition of uranium in seawater has changed

with time, or it did not grow in normal seawater. These possibilities

will be discussed further in other sections.
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6. Samples: Geologic setting, collection and preparation
6.1 Goals

Samples were collected and obtained with the following goals in
mind: (1) to determine the precision with which corals with different
ages could be dated, (2) to compare mass spectrometrically determined
230’1‘1’1 ages with ages determined by other methods (140, counting of
coral growth bands, 23oTh by alpha-spectrometry) as a means of
understanding the extent to which the assumptions used in obtaining
dates are valid, (3) to determine the isotopic characteristics of very
young corals and seawater as a means of assessing the validity of the
initial condition used in solving equation 5.11 and establishing a
value for the presént isotopic composition of uranium in seawater, (4)

to examine samples of the same age but different states of alteration

230m, ages, (5)

as a means of establishing the effect of alteration on
to examine the possibility of determining seismic recurrence intervals
by dating emerged corals which may have been killed by co-seismic
uplift, (6) to determine the timing of sea level rise in the Holocene,
and (7) to establish the ages of coral terraces that formed during the
last interglacial period and subsequent interstadial periods and
compare these ages to the 65°N insolation curve as a means of testing

the astronomical theory.

6.2 Sample preparation
All samples except those discussed in section 6.6 were prepared by
breaking the sample into fragments several millimeters in diameter with

a stainless steel chisel. The fragments were examined under a
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binocular microscope. Fragments that had calcite cleavage planes, had
chalky surfaces, or were discplored were discarded. The remaining
fragments were rinsed twice with distilled water in an ultrasonic
cleaner, dried, weighed, dissolved, and the uranium and thorium

separated using the procedure discussed in section 7.3.7.

6.3 Holocene corals from Santo and Malekula Islands, Vanuatu

Vanuatu is an island arc that extends some 1000 km roughly north-
south just east of the Hebrides trench (figure 6.1) and is the result
of the subduction of the Indian Plate under the Pacific Plate at a rate
of 10 cm/y. Santo and Malekula Islands, two of the islands in the
central portion of the archipelago are about 100 km long and are
tectonically active. In some localities, Holocene uplift of tens of
meters has occurred. For each of these islands the last large
earthquake is documented in the historical record (Mg = 7.5 on Malekula
in 1965 and Mg = 7.5 on Santo in 1977). Taylor et al. (1980, 1985a,
1987) examined partially emerged corals from both of the islands. The
lower portions of the coral heads were below sea level and were still
alive. The upper portions of the heads were above sea level and had
died. Because the lower portion of each head was still alive, the
authors were able to determine the time of death of the upper portion
of each head by counting annual growth bands. They demonstrated, for
each island, that the time of death (and presumably emergence) was the
same as the time of the last major earthquake and documented the amount
of emergence associated with each event.

At each locality, there were also completely emerged coral heads
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Figure 6.1. Map of Vanuatu. Holocene samples in this study were
collected from the islands of Santo, Malekula, and Tangoa, which is the
small island between Santo and Malekula. Pleistocene samples in this

study were collected from Efate Island. (After Taylor et al., 1987.)
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that were slightly higher than the partially emerged heads. They could
not be dated by growth band datljng because the coral colonies had died.
By analogy to the partially emerged heads, it was thought that these
heads were killed by earlier co-seismic uplift events at each locality.
If this is the case, then emerged coral heads of the same height and
locality must have died at the same time. If no erosion of the surface
of the coral heads has occurred, then the present age of the surface of
coral heads at the same locality and height must be the same.

In order to address this issue, establish limits on the amount of
230Th initially incorporated in corals, and determine the initial
isotopic composition of uranium in corals, a series of corals were
obtained from this area from F.W. Taylor (see table A1l(I)). The
samples are from three different localities. The samples labelled
"CWS" are from the "OLP" locality (Taylor et al., 1987) on northwest
Santo Island (figure 6.1). TAN-E-1g is from Tangoa Island, a small
island just south of Santo Island. Samples MAF and MAG are from the
"M-A" locality (Taylor et al., 1980) on northern Malekula Island, and
MY2 is from the nearby "MY" locality (Taylor et al., 1980). The
present heights of the samples are given in Table A1(I).

CWS-A-1b, CWS-A-1d, and TAN-E-1g had been dated previously by
counting of growth bands and grew between 1806 and 1973 (Taylor et al.,
personal commnication; see figures 4.9 and 8.2). These samples were
obtained by drilling into living coral heads. The cylindrical core was
sawn lengthwise into two half-round cylinders. X-radiographs of the
half-round cores were then made. A xerox of a radiograph showing the

portion of the core that was analyzed (CWS-A-1b, portions labelled A
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and B) is shown in figure 4.6. The head was drilled in 1981. Sample
CWS-A-1d is from deeper in the same core. TAN-E-1g is from a coral
head from a different locality. Samples TAN-E-1g and CWS-F-1 have been
dated previously by the 4c analysis (see Table 9.1).

Samples CWS-C and CWS-D are completely emerged corals that have
the same height (1.8 m above the highest 1living corals at that
locality) and that were collected at the same locality as partially
emerged corals that died during co-seismic uplift in 1977. MAF and MAG
are an analogous pair of corals (1.3 m above the highest living corals)
from a different locality. These were collected at a locality on north
Malekula Is. where partially emerged corals were killed by co-seismic
uplift in 1965. MY2 was collected near the MAF-MAG locality. It was
collected from near the top of an emerged Holocene reef (15.3 m above
the highest living corals) and was analyzed in order to determine the

average Holocene uplift rate at this locality.

6.4 Holocene corals from the Enriquillo Valley, Hispaniola and from
Barbados

Outcropping along the shore of Lake Enriquillo on the island of
Hispaniola is a subaerially exposed Holocene coral reef (figure 6.2,
Taylor et al., 1985b). Exposures of this reef extend for tens of
kilometers along the shore of Lake Enriquillo. The width of the reef
is about 400 m. Exposures at the reef can be seen between the
elevations of 36 m below sea level and 2 m below sea level. The

present level of the lake is -41.5 m below sea level. The lake water

is hypersaline (49 O/o0 salinity) and corals do not currently grow in
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Figure 6.2. Map»of the Enriquillo Valley. The Holocene reef is
denoted by the line of diamonds. Alluvial fans are represented by the
bold stippled pattern. The major bodies of water are labelled "Lago
Enriquillo" and "Bahia de Neiba". The latter is connected to the
ocean. The sill area between Lake Enriquillo and Bahia de Neiba is
composed of river and lake sediments and is just above sea level.
Samples were collected from Canada Honda, which is labelled "CH".

(After Taylor et al., 1985b.)
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it. Because corals grew in the Enriquillo Valley in the Holocene,
conditions must have been suffiqiently "marine" at that time for these
organisms to thrive. On this basis, it has been argued that, at that
time, the lake was connected to the ocean via the north of the valley
to the east (Mann et al., 1984; Taylor et al., 1985b, figure 6.2). The
valley was subsequently isolated from the sea by accumilating deltaic

sediments from the Rio Yaque del Sur, and the lake evaporated down to
its present level because of extremely arid conditions. If the lake
had been connected to the ocean, the corals must record fluctuations in
Holocene sea level. This record is unique because it is presently
subaerially exposed and can be observed in detail. Analogous records
at other localities are below present sea level and are relatively
inaccessible. If the water in the Enriquillo Valley was connected to

the ocean, the initial 6234

U of the corals should be similar to the
seawater value.

In order to test this and determine the timing of the sea level
rise in the Holocene, I collected corals from different elevations
across this reef in February of 1987 with F.W. Taylor and P. Mann. In
several places the reef is cut by gullies that have locally eroded
completely through the reef to the underlying unconformity. These
gullies offer an excellent view of the reef in a third dimension. The
samples which I collected are from or near two such gullies that are
adjacent to each other. The location of one of the gullies (Canada
Honda) is shown in figure 6.2. The second gully is parallel to Canada
Honda and about 1 km to the east. The "CH" samples are from Canada

Honda; the "PR" samples are from or near the gully just east of Canada
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Honda. The elevation of each of the samples was determined by leveling
from bench marks of known elevation using a theodolite. These
elevations are accurate to better than *10 cm and are reported in Table
Al1(II). The elevations of the samples range from 34 m to 7 m below sea
level. All of these samples were in growth position when they were
collected. CH-8 had been collected earlier by F.W. Taylor and was
dated by 14c methods (Taylor et al., 1985b; Table 9.1). Samples CH-8
and PR-H-1 were collected at localities where the underlying
unconformity was exposed. Both of these corals grew directly on top of
the unconformity and are the lowest corals exposed at each locality.
PR-H-1 and PR-H-2 are from the same locality. PR-H-1 is the lowest
exposed coral, aﬁd PR-H-2 is the highest exposed coral at that
locality. The difference in height is 4.9 m. These samples were
analyzed, in part, to determine the vertical rate of reef accretion.
All the samples are head corals (Siderastria sideria, Siderastria
radians, and Montastria annularis). The species Acropora palmata,
which would perhaps be a better indicator of sea level height, is not
found in the valley.

One Holocene sample from Barbados (D.W., Table A1l(III)) was
analyzed in order to determine the uranium isotopic composition and
height of a coral that grew at about the same time as the Enriquillo
Valley corals but at an open ocean site. D.W. is a sample of Acropora
palmata collected at a depth of about 4 m in Deep Water Harbor by B.R.

Constantz.
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6.5 Pleistocene corals from Barbados and Vanuatu

Barbados is a small island (about 10 km across), located in the
fore arc region of the Windward Island Arc (figure 6.3). It is
composed of Tertiary sediments from the accretionary wedge and a
terraced Quaternary coral cap. The coral cap and the ages of the
terraces have been quite extensively studied (see, for example,
Mesollela et al., 1969; Broecker et al., 1968; Fairbanks and Matthews,
1978; Bender et al., 1979). This work has established that Barbados
has been undergoing tectonic uplift at rates of tenths of a meter per
thousand years over the last 109 years. Because the island is

underlying uplift, portions of the sea level record that would
currently be submerged in a stable area are subaerially exposed on

Barbados. The 2

SoTh ages of the terraces ‘have been critical in
establishing an absolute time scale for the late Pleistocene. However,
the precision obtainable by alpha-counting techniques is inadequate for
evaluating the Milankovitch hypothesis (see section 7.1) and there are
apparent discrepancies between the ages of the Barbados terraces and
terrace sequences for other localities (see section 7.1). In order to
establish the precise ages of these terraces and their relation to the
65°N curve, I analyzed samples from three of the Barbados terraces.
Samples were obtained directly from R.K. Matthews except for AFS-
12A and AFS-12B, which were obtained from T.L. Ku, who had obtained
them from R.K. Matthews. Sample localities are described in detail by
Bender et al. (1979) and are shown in figures 6.4 and 6.5. All samples
are of the species Acropora palmata. All samples have been shown by x-

ray diffraction methods to contain less than 1 % calcite (Matthews,
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Figure 6.3. Map of the Caribbean Sea showing the location of Barbados
in the fore arc region of the arc defined by the Windward Islands.

(After Mesollela et al., 1969.)
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Figure 6.4. Upper diagram: map of Barbados. The dashed line
separates the Scotland District, which is made up of Tertiary
accretionary wedge sediments, from the terraced Quaternary coral cap.
The Rendezvous Hill Terrace is on top of the "first high cliff." The
locations of the Christ Church Ridge and Clermont Nose study areas of
Bender et al.(1979) are indicated.

Lower diagram: Topographic map of the Christ Church Ridge study
area. The sample localities for R-52, AFS-10, AFS-11, and AFS-12 are
indicated. The dark lines show the location of the reef crest facies

for each terrace. (After Bender et al., 1979.)
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Figure 6.5. Topographic map of the Clermont Nose study area showing
the sample localities for 0C-51, FT-50, and AFM-20. (After Bender et

al., 1979.)
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personal conmunication). The present heights of the samples are given
in Table A1(IV). These heights were read off topographic maps that
have contour intervals of 20 feet (figures 6.4 and 6.5). Sample 0C-51
is from the Worthing Terrace, and FT-50 is from the Ventnor Terrace.
Samples AFS-10, AFS-11, AFS-12, AFM-20, and R-52 are from the
Rendezvous Hill Terrace. The AFS samples are from the same outcrop.
All samples were prepared as described in section 6.2 except for AFS-
12A and AFS-12B, which are different fractions of a powdered sample
provided by T.L. Ku. All of these samples have previously been dated
by alpha-counting techniques by T.L. Ku (see Table 7.2). Sample VA-1
was collected from the Hill View Terrace. It has a much higher present
elevation than the other samples and has been dated by U-He methods at
520 ky (Bender et al., 1979). VA-1 was analyzed in order to determine
the isotopic characteristics of a relatively old coral.

A similar sequence of terraces cover portions of Efate Island
(just south of Malekula Is., Vanuatu, figure 6.1). A terrace doublet
on Efate formed at about the same time (based on 230Th ages by alpha-
counting) as the Rendezvous Hill terrace on Barbados. Similar terrace
doublets on New Guinea have led to the idea that there may have been
two sea level highs during the last interglacial period (see figure 7.1
and Moore, 1982). The 22OTh ages (by alpha-counting) of the Rendezvous
Hill terrace on Barbados (about 125 ky) have generally been taken as
evidence in support of the astronomical theory because a high sea level
stand at that time would coincide with a time of high summer insolation
at 65°. However, the 230m, ages (by alpha-counting) of the older of

the terrace doublets on New Guinea (about 140 ky, figure 7.1) would
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imply that a high sea level stand occurred prior to the insolation high
and after a prolonged period of low summer insolation in the northern
hemisphere (see figure 3.2). A high sea stand at this time cannot be
the direct result of orbital forcing. In order to examine the apparent
discrepancy between the New Guinea-Vanuatu ages and the Barbados
Rendezvous Hill ages, samples from the terrace doublet on Efate Is.
were obtained from A.L. Bloom. E-T-2 is from the higher terrance of
the terrace doublet, E-L-3 is from the lower terrace. Both have
previously been dated by alpha-counting methods at 141+16 ky (2 sigma,
(Bloom et al., 1978)). Both have been shown by x-ray diffraction
methods to contain less than 1% calcite (A.L. Bloom, personal
communication). 'I'he present heights of the samples are given in Table

A1(V).

6.6 "Altered" - "Unaltered" paris from Barbados and Hispaniola
In order to examine how alteration might shift uranium and thorium

isotopic composition and calculated 230

Th ages, corals that had been
altered to different degrees were analyzed. Four corals of the species
Acropora Palmata were obtained from B.R. Constantz (PB-2, PB-4, PB-5,
and PB-9). These corals were collected from the wall of the Cement
Mill Quarry 0.5 kmn northwest of the town of Checker Hall on the island
of Barbados at an elevation of about 30 m above sea level (Table
Al1(VI), from the area labelled "North Point Shelf" in the upper part of
figure 6.4). Each of these corals had a portion much less porous than
the rest of the hand specimen. This portion had abundant calcite

cleavage planes that were visible to the naked eye. A sample of the
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calcite-rich portion of the coral was separated from a sample at the
aragonite-rich portion of each coral as follows. A 1 cm slab of each
coral was cut using a Felker Bay State saw with an eight inch diameter
diamond blade, lubricated with deionized water. A block of the
calcite-rich portion and a block of the aragonite-rich portion were
then cut out of each slab using a low speed Isomet saw with a four inch
diameter diamond blade lubricated with ethanol. Each of the blocks was
then cleaned in an ultrasonic bath with acetone and then twice with
distilled water, dried, weighed, and dissolved in nitric acid. Each of
the solutions was then aliquoted. The largest aliquot was processed as
described in section 7.3.7 in order to obtain uranium and thorium
separates. The smaller aliquot was set aside for analysis of Mg and Sr
abundance by atomic absorption spectroscopy. Polished sections were
made from adjacent blocks of each sample. These sections were etched
with a 2% formic acid solution for one minute. The etched sections
were examined by scanning electron microscopy. For the "PB" samples,
the letter "A" at the end of the sample number refers to the aragonite-
rich portion and the letter "B" refers to the calcite-rich portion.

A pair of samples (BCE-A-3A and BCE-A-3B) from a single piece of .
Acropora palmata that I collected from a terrace along the southeast
coast of Hispaniola was also processed in a similar manner. This
sample was collected 6.5 km east of the town of Boca Chica, 50 m south
of the main road connecting Santo Domingo and La Romana at an elevation
of 7.2 m above sea level. Neither sample showed macroscopic evidence
of calcite recrystallization. BCE-A-3A is from a portion of the coral

that had a chalky surface; BCE-A-3B is from a portion of the coral that
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did not have a chalky surface.

In a separate experiment, a block of PB-2A weighing about 1 g was
leached in dilute HCl as a means of determining the isotopic
characteristics of a more mobile fraction and a more refractory
fraction. After being cleaned in the acetone and distilled water
baths, the block was dried, weighed, then placed in about 15 ml of
distilled water. Several drops of concentrated HCl were added to the
solution over the course of several hours. The solution effervesced
mildly upon the addition of each drop. After about 10% of the block
had been dissolved, the block was taken out of the solution with
tweezers, and rinsed with distilled water from a squirt bottle while
being held over the solution. The block (PB-2A residue) was then
placed in another beaker, dried, weighed, dissolved, and processed
using the procedures for chemical separation described in section
7.3.7. The solution (PB-2A LEACH) was processed similarly.

The analytical blanks for the sawing and acetone cleaning
procedure were checked as follows. A piece of Acropora palmata,
collected live off Tobago Cays by B.R. Constantz, was processed as
follows. Several fragments were chiseled from the skeleton and
processed in the standard manner (M.A. (chiseled)). A 1 cm thick slab
of the skeleton was then cut using the Felker Bay State saw. Two
blocks were cut out of this slab using the Isomet saw. One (M.A. (cut)
A) was then cleaned in an ultrasonic bath of acetone and processed in
the standard mamner. The other (M.A. (cut) B) was cut numerous times
with the Isomet saw until the surface area of the saw cuts was about

ten times higher than the typical surface area for a block. These
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pieces were then cleaned in an ultrasonic bath of acetone and processed

in the standard manner.

6.7 A modern Giant Clam

2‘%U and 232’1’h abundances in

In order to establish values for the
a modern mollusk and assess the suitability of. this material for dating
using the 230’1‘h method, I obtained a portion of a giant clam (Tridacna
gigantus) shell from P. Aharon. He had collected this shell (K-133)
off the coast of the Huon Peninsula in New Guinea (Aharon and Chapell,
1986). He provided me with a several millimeter thick slab of this
shell. An 8 g fragment of the shell was chiseled out and processed

using standard procédures .

6.8 Seawater

234U 238

In order to establish precise values for the /“" U ratio, the

238U abundance, and the 23

2Th abundance in seawater, samples of
seawater from various depths in the Atlantic and Pacific were analyzed.
Samples were collected on the following cruises: Alcyone V (R/V
Melville, 31°N 159°W, Pacific, 10/85, collected by myself), OCE 173-1IV
(R/V Oceamus, 32°N 64°W, Atlantic, 12/85, collected by D.J. Piepgras),
TTO/TAS Leg 2 (R/V Knorr, Station 63, 8°N 41°W, Atlantic, collected by
D.J. Piepgras and M.A. Stordal, 1/83), and Marine Chemistry 80 (R/V
Thompson 14°N 160°W, Pacific, collected by K. Bruland, 10/80). Samples
were collected in Niskin and GO-FLO bottles, then transferred to acid
cleaned, high density linear polyethylene and polypropylene bottles.

On the Alcyone V cruise, samples bottles were rinsed with seawater from
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the Niskin before the final sample was added. Samples were not
filtered; they were acidified with ~ 2 ml of concentrated HC1l or HNO3
per liter of seawater on shipboard (except for the OCE 173-IV samples,
which were acidified several weeks later). Bottles were then tightly
capped and stored until laboratory analysis. Reported salinities
(Table 8.2) are from CTD measurements made by PACYDORF (Scripps
Institution of Oceanography) and in some cases from shipboard
salinometer measurements (by P.M. Williams for the Alcyone V cruise and

by D.J. Piepgras for the OCE 173-IV cruise).
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234
7. Mass spectrometric measurements of 230Th and 19}

7.1 2SOTh ages determined by alpha-spectrometry and the need for high
precision measurements

230Th, 234U, and

After the development of techniques to measure
2380 abundances by alpha-spectrometry in the late 1950's and 1960's
(section 2.4) and the demonstration that 230’1’1’1 dating of corals was
plausible (Barnes et al., 1956; Thurber et al., 1965), these techniques
were immediately applied to fossil corals as a means of determining the
timing of Pleistocene sea level fluctuations. Coral terraces just
above present sea level in tectonically stable areas yielded ages of
about 125 ky (1 ky = 1000 years) and led to the idea that the last time
sea level was above present sea level (the last interglacial period)
was at this time (Veeh, 1966). Coral terraces on Barbados (Broecker et
al., 1968; Mesollela et al., 1969) and New Guinea (Veeh and Chappell,
1970) yielded ages of about 80 ky, 105 ky, and 125 ky. The general
correspondence of these ages with times of high summer solar insolation
(figures 3.1 and 3.2) at 65°N latitude was taken as confirmation of the
validity of the Milankovitch hypothesis. More detailed dating of the
terrace sequence on the Huon Peninsula in New Guinea, however, yielded
ages of about 120 ky and 140 ky on consecutive terraces (Bloom et al.,
1974; figure 7.1). Subsequent dating of terraces at other localities
yielded similar ages and has led to the idea that there were two sea
level highs during the last interglacial period, one about 120 ky ago
and another about 140 ky ago (Moore, 1982). A high sea level stand 140
ky ago could not have been the direct result of orbital forcing because

it would have occurred at a time of very low summer insolation in the
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Figure 7.1. Sea level fluctuations over the last 160 ky as determined

from the coral record on the Huon Peninsula, New Guinea using 2301‘11

dating by alpha—spectrometry for age control (Bloom et al., 1974).
Note the apparent high position of sea level 140 ky ago. High sea
level at this time could not be the direct reéult of orbital forcing
because this is a time of low summer insolation at 65°N, which follows
a prolonged period of low insolation (see figure 3.2). (After Bloom,

1980b) .
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northern hemisphere, after a period of prolonged low summer insolation
in the northern hemisphere, and about 10 ky prior to a time of very
high summer solar insolation in the northern hemisphere (see figure
3.1). At present, some controversy exists concerning the accuracy and
precision of the age determinations (e.g., Moore, 1982; Kaufman, 1986).
It is clear that increased analytical precision as well as a better
understanding of the process of diagenetic alteration of corals is
required in order to establish accurate ages for terraces and resolve
this controversy.

Most coral terraces that have been dated by ionium ingrowth and
are pertinent to the study of climatic fluctuations in the Pleistocene
have ages between J'ZO and 150 ky. In this age range, a typical alpha-
counting analysis gives a 2 sigma error, based on counting statistics,
of *+10 ky (Harmon et al., 1979; Table 7.3). Because the time between
successive peaks in the 65°N summer insolation curve is about 20 ky
(figure 3.2), if sea level highs correspond to insolation highs, then
the ages of two successive terraces are barely resolvable at the 2
sigma level just considering analytical uncertainties. The time
difference between a high point and an adjacent low point in the 65°N
curve is about 10 ky. Therefore, a clear correlation between times of
high insolation and ages of coral terraces representing high sea level
cannot currently be made using alpha-counting techniques.

The inadequacy of the precision obtainable by alpha-counting
methods for determining the timing of sea level changes is clearly
shown in figure 7.2 (Bloom, 1980b). This is a plot of probability

density vs. time for 60 230m, ,ues from seven successive terraces in
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Figure 7.2. Probability density versus age for 60 samples from a
sequence of eight terraces on Vanuatu (after Bloom, 1980b). Each of

the samples was dated by the 2°0

Th method using alpha-spectrometry to
measure the abundances of the nuclides. Each of the samples was
assigned a mean age and an error in age based on analytical errors.
The error in each age was represented as a probability distribution.
The curve in this figure is the sum of the 60 distributions and
represents the probability that a given age is the true age of one of
the samples. If the ages of successive terraces and presumably the
ages of successive sea level highs are resolvable by this method, then
there should be distinct peaks in the curve. There is a sharp peak at
an age of zero to 6 ky, which represents the Holocene terrace. Then
there is a period around 20 ky with no ages, hints of peaks at 40, 50,
and 60 ky, and a continuum for ages older than 65 ky. This indicates

that the ages of the terraces older than 65 ky were not resolvable.
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Vanuatu. Each age has an error due to counting statistics which can be
translated into a plot of probability wversus time. Figure 7.2 was
constructed by adding the probabilities for all 60 dates. The
resulting curve is a measure of the probability that a certain age is
represented by one or more of the samples. Each terrace presumably
formed during a single rise and fall of sea level and has a finite
range of ages that is different from the ages of the other terraces.
If the the ages of successive coral terraces and, by inference,
successive sea level maxima are resolvable, one would expect peaks in
probability at the ages of each of the terraces. There is one sharp
peak at about 5 ky, representing the Holocene rise in sea level. There
is very low probabiiity between 7 and 35 ky and hints of peaks at about
40, 50, and 60 ky. However, beyond 60 ky there is a contimmum and the
ages of the terraces in this time period are definitely not resolved,

indicating a clear need for higher precision measurements.

7.2 The development of mass spectrometric techniques

230'I‘h and 234U abundances by mass

The idea that measurements of
spectrometry could have higher precision than the same measurements by
alpha-spectrometry is based on the following rationale. The precision
of a measurement is limited by the number of atoms (or alpha-particles)
that can be detected during a measurement. By alpha-spectrometry only
decaying particles can be detected. 2°CTh has a mean life of about 105
years, so for a laboratory counting time of one week, only one out of
107 231, atoms in a sample can be detected. In mass spectrometric

measurements, ions are detected, and the precision of a measurement is
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£ 230,

limited by the fraction o Th atoms that one can ionize. 1If

jonization efficiencies of one out of 103 could be obtained for

thorium, then, for the same size sample, 104 times more atoms of 230’1‘11

would be detected by mass spectrometric determination than by alpha-

counting methods. Based solely on counting statistics, a 230’1'h

measurement by mass spectrometry would be about 100 times more precise
than the same measurement on the same size sample by alpha-counting.
Similar arguments can be made for 234U which has a longer mean life

(about 3 X 105 years) than °°°Th, and 2°°U and 2°2Th which have much

2

longer mean lives (6 X 109 and 2 X 1010 years) than 2°°Th. Mass

238 2

spectrometric measurements of U and 32Th abundances in natural

materials have, of course, been made previously but not in corals or

mollusks. Mass spectrometric measurements of 234U in natural materials

had been made previous to the Chen et al.(1986) paper (Appendix B), but
did not result in sample sizes or analytical errors which were
significantly lower than for alpha-counting measurements (Somayajulu et
al., 1966; Rosholt et al., 1966; Szabo and Rosholt, 1969; Rosholt and
Tatsumoto, 1970; Barnes et al., 1972). Mass spectrometric measurements

of 2301 in natural materials had not been made previous to this study.

Prior to my involvement with uranium and thorium measurements at

the Lunatic Asylum, techniques had been developed to measure 238U

abundances and 2380/2350 ratios in very small samples (about 109 atoms

of 235U; Chen and Wasserburg, 1980, 1981a,b). The key aspects of this

2330—2360 tracer to monitor

technique were (1) the use of a double
instrumental fractionation, (2) the development of a chemical procedure

to separate uranium from the rest of the sample with low analytical
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blank and high chemical yield, and (3) the use of filament loading
techniques, resulting in high ionization efficiencies for uranium
(about 1%).

238

234U/ U ratios in

This technique was then used to measure
solutions rich in uranium, which had been prepared in the laboratory,
in seawater, and in hydrothermal water (Chen et al., 1983; Chen and
Wasserburg, 1984). It was demonstrated that the 234,238y ratio could
be measured to a precision of *5 ©/0o0 (2 sigma) using a sample size of
5 X 109 atoms of 2MU. At this time, there was some concern about the
accuracy of the measurements. The concern centered on the accuracy of
the subtraction of the background from the 2°%U peak. My initial
involvement with uranlum measurements focussed on establishing that
significant inaccuracy was not introduced when the background was

23 234 . ,238

subtracted from the 4'U peak. I continued by measuring U/ v

ratios in seawater and in solutions prepared in the laboratory. These

measurements confirmed the precision of the earlier measurements.

These techniques were then extended to the measurement of 230'I‘h

abundances as described in the rest of this chapter. The basic problem

2 234y i the

with mass spectrometric determinations of both SO'I'h and
extremely low abundance of these nuclides in natural materials and

possible contributions at masses 230 and 234 from tails of much higher

abundance isotopes of thorium and uranium. Consider that 2380, the
ultimate parent of 23C’Tl’x, is typically present in quantities of parts
16

per million (about 107~ atoms/g) or parts per billion in most natural

materials. At secular equilibrium, the 230’1’}1 abundance is lower by a

5 1

factor of 2 or about 10 (230Th abundances of about 107

238" %230
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230,, ,238

atoms/g). Young corals have Th/“°"U ratios below the value at

secular equilibrium. One would wish to measure 230’1‘11 abundances in

230Th/238

corals that have U ratios more than 1000 times below the
equilibrium value (2%°Th abundances of about 108 atoms/g). Because of
the low abundances, the techniques described below are designed to
maximize ionization efficiency, maximize chemical yield, and minimize
analytical blank. Even with high ionization efficiency and chemical
yield, the currents generated by the 22OTh* ion beam are very small
(102 to 104 ions/s) and require amplification using an electron
multiplier before measurement.

The process of developing techniques to measure 230'I‘h by mass
spectrometry required (1) establishing the ionization efficiencies that
could be obtained for thorium using the graphité loading technique, (2)
calibrating a 229’1‘h tracer, (3) establishing the level of chemical and
filament blanks, (4) modifying uranium and thorium chemical separation
techniques for corals, (5) evaluating the effect of instrumental
fractionation on measured 230‘111/229'm ratios, (6) determing the source,
magnitude, and spectral distribution of background ion currents, (7)
establishing that the measurements were reproducible, and (8)
demonstrating that small differences in 230Th abundances could be
resolved.

Initially thorium samples derived from laboratory standards were
run as a means of establishing ionization efficiencies for thorium
using the graphite loading technique, which had proven to yield
relatively high ionization efficiencies for uranium. Ionization

efficiencies of about 1 in 1000 were obtained for samples of less than
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about 101:3 atoms of total thorium. For samples containing 1010 atoms
of 230 (the amount of 2°°mh in about 100 mg of 100 ky old coral), 107

230

ions of Th* would be generated. Taking into account the time

required to measure backgrounds and other thorium ion beams, one would

pe able to measure about 106 ions of 2°°

Th*t. Based solely on counting
statistics, this number of ions could be measured to a precision of
+20/00 at the 2 sigma level. This precision would be more than 40
times higher than typical precisions obtainable by alpha-counting
methods using much larger samples.

The initial measurements also showed that for total thorium loads
of more than about 101:3 atoms, the ionization efficiency dropped
substantially. Itg may be possible to modify loading techniques to
improve the ionization efficiency for samples.with large numbers of
thorium atoms. Without such improvements, however, one obtains higher
ionization efficiencies with smaller thorium loads. Therefore, for a
fixed number of 230’1‘11 atoms loaded on a filament, one obtains higher
ionizations efficiencies and higher precision 23OTh measurements for
samples with low 232Th content.

This reasoning led me to search for natural materials with very

232 238U ratios. Since 230’1‘h is the daughter of 238U, such

2320, /2300y, ratios, and 2°Oth

low Th/

materials would generally have low

abundances in these materials could be measured to a relatively high

3214,,238 in the literature indicated

that corals had the lowest reported 232Th/238U values in natural

degree of precision. Values of 2

materials. This is the reason why, initially, I considered analyzing

2 232, ,238

30Th in corals. Using the reported Th/"" U values, I calculated
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232, ,230 . cq s X
that the Th/“" Th ratio at secular equilibrium in a coral would be

about 103 or about two orders of magnitude lower than the value for

igneous rocks. As will be discussed below, when the 232'1‘h

concentration in a coral was measured by mass spectrametric techniques,

I obtained values 102 to 103 times lower than the literature values.

232, ,2

Some of the corals that I analyzed had Th/ soTh ratios close to

unity or about 105 times lower than most igneous rocks. This low

232Th/230Th ratio resulted in very low total thorium loads. The

resulting high ionization efficiency generated high ion yields which

reduced the error due to counting statistics and also generated high

230’1’1’1”' currents that increased the signal to noise ratio, also reducing

2324y /2307y ratios

232

measurement error. Finally, the extremely low

obviated the issue of whether the tail of a large Tht beam would

contribute to the measured intensity at mass 230.

In the following section, I will (1) describe the techniques which

2

I have used to measure both 30’1‘1’1 and 234U abundances in corals, (2)

establish the precision and accuracy of the measurements and the sample
size requirements, and (3) compare the ages determined by mass

spectrometric methods to those determined by alpha-counting methods.

7.3 Experimental method
7.3.1 Instrumental procedure

Mass spectrometric procedures used in the Lunatic Asylum for

238

measuring 2350 and U in small samples have been described by Chen

and Wasserburg (1981a). For the 234’U/238U measurements, a double spike

with 22%y/%3%y ~ 1 is used and the sample is spiked so that 23°y,236y ~
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10. The measurements are carried out on the Lunatic I (LI) mass
spectrometer using an electron multiplier with a gain of 4 X 10:3 in the
9

analogue mode and an electrometer (Cary 401) with a 107 Q feedback

resistor (Wasserburg et al., 1969). Data are acquired in the sequence

236, 235, 234, 234, 233

U U U. Zeros are measured 0.5 mass units above and

below each mass. Integration time for zeros and peaks are one second

for all masses except 234U. 234U peaks are measured for four seconds

and zeros for two seconds. Data acquisition takes ~ two hours and 100

23

to 200 ratios (50 to 100 cycles with two 4'U measurements/cycle) are

measured. Data are acquired at filament temperatures of 1640°C to
1800°C. A mass spectrumn of uranium from coral sample AFS-12 from

Barbados is shown in figure 7.3). The 2340+ current ranges from 1500

234

to 3000 jons/sec. The total number of U iohs collected in one run

is ~ 2 X 106, The ionization efficiency (ions produced/atoms loaded)
for this procedure is Ut/U ~ 5 X 10™4 because of the large sample size.

All data sets of ten ratios are normalized using the power law

(see Wasserburg et al., 1981) and the mean 233U/2360 ratio for that set

of ten ratios. The isotopic ratios and deviations of these ratios are

then reduced using the full double spike equations. All quoted errors

are 2 sigma of the mean. 2340/2380 ratios are calculated from

normalized 234{)/2350 ratios and 238

235U/236U ratios using 238U/2BSU = 137.88. For a single run

U concentrations calculated from the

normalized

2 sigma of the mean for the 234’U/238!J ratios is typically *3 to 6°/co

(see Tables Al, A2).
Some experiments were designed specifically to determine the 238U

concentration in seawater. For these uranium concentration runs, the
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Figure 7.3. Mass spectrum of uranium (5 X 109 gtoms) from coral sample

aFs-12. A 233238y gpire is added to the sample so that 23%y/234y .
10. In this spike, the 22%y/?36y ratio is about one, and 234y,236y . 2
X 1072, The 2%y peak is off scale to the right of the diagram. The

.small arrows represent positions where the zeros are measured. The
arrow marked 'A' denotes where the accelerating voltage was turned off.
Details of the background characteristics are discussed in the text.

Note the change in scale for 2350, 233U, and 236U.



129

SSYW

152 952 % be2 552
_ f !
| *
SdNVg, 01X O
N
bee SdWY¢, 01 X 0¢
SMvg, 01X 0 A
N £e2
92 SdNY,, 01 X 9
bl-
Ngea




130

sample was spiked so that 238;,236; | 15 pata were acquired in the

238,_236; 235234y 233

sequence U Zeros were measured 0.5 mass units

above and below each mass. Integration times for zeros and peaks were
one second. Instrumental fractionation was corrected for as above

using the 2334236 gouble spike. Data acquisition takes about two

£ 236U/238

hours. About 100 ratios o U are measured at filament

temperatures of 1600°C-1700°C. The 2°8y+ current is 0.6 X 106 to 3 X

13 2

106 jons/sec. Typically, 6 x 10~ atoms of 380 were loaded on the

238

filament and ionization efficiencies are >1 ©/00 and U

concentrations were measured to *2 9/c0.
Measurement of the thorium isotopes is also carried out on the LI
spectromenter using the same detector system. The sample is spiked

1 atoms of

with a 229’I‘h tracer so that each run contains ~ 2 X 10
2%, The number of 2°°Th atoms loaded on the filament ranges from 6
x 108 for a 180 year old sample to 6 X 1010 for a sample of several
hundred ky as shown in Table A3. Analogue scans of the thorium

spectrum for a young and old sample are shown in figures 7.4 and 7.5.

229+ current is ~ 1 X 10° ions/s and the

2 4

At running conditions, the

230

Th* current ranges from 4 X 10° to 4 X 10" ions/s. Data are

acquired at filament temperatures of 1800 to 1870°C. The isotopes are

229, 230, 2

measured in the sequence Th- 30’1‘11—232’1'1'1. Zeros are measured

0.5 mass units above and below each mass. Integration time for the

23 2 2

OTh peaks is 4 seconds; for the 3O'I'h zeros and 29Th peak, 2

seconds; and for the remaining peak and zeros, 1 second. Data

acquisition takes ~ 40 minutes and 40 to 60 ratios (20 to 30 cycles

with two 230, measurements/cycle) of 230’1'11/229'1'11 are measured. The
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Figure 7.4. Analogue scan of the thorium spectrum for CWS-F-1 (845
yvears old) at a filament temperature of 1840°C. The sample was spiked
with 22%m. 4.3 X 109 atoms of 2°°Th which had been extracted from 4.6
g of coral were loaded on the filament. The ionization efficiency was
0.8 9/0o. Arrows show the position where zeros were measured. The
background with thé accelerating voltage on is slightly higher than the
background with the accelerating voltage off because of the reflection
of the 87Re and !®%Re beams off the flight tube. The 2°°Th abundance

was determined to +8 ©9/o0o (2 sigma). Note the change in scale for

229Th and 232Th.
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Figure 7.5. Analogue scan of the thorium spectrum similar to figure

7.4, but for a much older sample (E-I-3, 125.5 ky). 2.3 X 10°° atoms
of 230’1‘1’1 that had been extracted from 255 mg of coral were loaded on

230Th

the filament. The ionization efficiency was 0.9 ©/oco and the
abundance was determined to *2 ©/0o. Note the change in scale for
229’1’1’1 and the extremely low 232Th/230Th ratio. This ratio is 5 orders

of magnitude lower than the same ratio in volcanﬁc rocks.
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230m+ jons collected in a run ranges from 6 X 10 for

the 180 year sample to 6 }()106 for the oldest sample. For the

230

total number of

Th/229Th ratio, the value of 2 sigma of the mean for one run ranges
from +132 ©/oo for a very young sample (18 years) to 2 %/oo for
samples ~100 ky old (Table A3). These uncertainties are only a factor
of 2 to 3 times the error due to counting statistics alone, when the
ions making up the background under the 23°Th peak and the counting

2

statistics associated with the 29Th peak are included in the

calculation.

7.3.2 Multiplier linearity and electrometer noise
It has been shown that the multiplier on the L1 spectrometer is
linear to better than *29/co for ratios up to ~i00 for ion currents up

to 3 X 106 jons/s (Chen and Wasserburg, 1981a). I have checked this in

238U concentration runs by measuring the 238U/235U ratio and verifying

that it agrees within error with the natural 238U/235U ratio (137.88;

see figure 7.6, Table 8.2).

For the uranium isotopic composition runs, as 235U/234U ~ 100, a

potential problem exists if the electrometer is not allowed enough time

to settle between the measurement of the 235U signal and the first 234U

zero. I measured directly the rate of decay of this signal by putting
a beam on the multiplier, turning off the accelerating voltage, and
repeatedly measuring the decaying signal using a 125 ms integration
time. The signal decays approximately exponentially to a value of

~10—4 times the original beam in one second. Since measurement of the

234U zero commences ~5 seconds after measurement of the 2350 peak, the
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Figure 7.6. Measurements of the 238U/2350 ratio in seawater using the
Lunatic I mass spectrometer. The measurements were made between
October 1983 and December 1986. The values are, within error, the same
as normal uranium indicating that the multiplier‘ on Lunatic I is linear

within the limits of the measurements.
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235

decaying U signal does not significantly affect measurement of the

U zero. In addition, the average of the 234U/235U ratios measured

234

234

in the first U channel does not differ significantly from the

average of the 234U/235U ratios measured in the second 2340 channel.

229,y 2305, _ 5

For the thorium measurements, the isotope ratios (
to 200) and ion currents (up to 1.6 X 10° ions/s) are not large enough
to cause problems associated with electrometer response time or
significant nonlinearity problems. The noise level of the multiplier
and amplifier under normal operating conditions is equivalent to #12
ions/s, where the uncertainty given is 2 sigma of the population for a
series of 4-second noise measurements. The 2 sigma error for one 230Th
measurement including the background subtraction is *17 ions/s. Since

230’1‘1'1 current is measured ~ 40 times in one run, the total error

due to electrometer noise is *17//40 = +3 ions/sec. For a 230’1’11+

the

current of 4 X 102 ions/sec, this is about a quarter of the *30 ©/co

observed error. For larger samples the error due to noise is smaller.

7.3.3 Background characteristics
For the uranium isotopic composition runs, tailing from the major

isotopes could be important because of the low resolution usually used

in operating the spectrometer in a high transmission mode. The 2340

intensity is determined by subtracting the average of the =zeros

(measured at mass 234.5 and mass 233.5) from the intensity at mass 234.

235

If the positive curvature of the U tail between mass 233.5 and mass

234.5 is significant, the procedure for background correction can

2
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