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The beach balls are Harvard double-couple solutions for earthquakes between January 1976 and 
October 2002.
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Figure 3.4a  The computer simulation of 100 years of growth of a coral microatoll located in a 
submerging area.  Submergence is steady at 5 mm/yr.  Input coral growth rate is 10 mm/yr.  HLS 
values in the graphic are the sum of long-term submergence and random Gaussian variables with 
zero mean and ± 2 cm standard deviation, but are not necessarily recorded by the HLS 
impingement upon the coral growth. The bold black lines indicate where the tops of coral growth 
are impinged by HLS.  The main feature is that the microatoll develops a cup-shaped 
morphology.

Figure 3.4b The computer generated simulation for a microatoll located in a stable region, but 
which experiences a sudden submergence of about 15 cm in the 50th year.  Coral micro-
topography evolves lower and upper flat surfaces separated by a step of rapid and unrestricted 
coral growth between the 50th and the 60th years. Note that coral stratigraphy is devoid of HLS 
record between the inception of submergence at year 50 and the first impingement of coral 
growth at about year 1962.  However it does record the minimum value of HLS (HLS minima).
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Figure 3.4c  This synthetic microatoll is located on an intertidal reef that is emerging at 5 
mm/yr. The coral's upper surface shows a descending growth pattern. Cusps and swales 
ornamenting the surface represent random annual sea-level fluctuations.  The typical coral 
morphology in this environment is a dome shape.

Figure 3.4d.  In this computer simulation, the site has a long-term stability but the coral 
experiences a sudden 15-cm emergence event in year 50.  This "short-duration" vertical 
deformation causes a permanent change in sea level; thus the microatoll develops a hat-shaped 
morphology.
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Figure 3.7a Sampled ancient microatoll (H1).  The cup-shaped geometry implies that a 
rapid submergence had occurred prior to the 1935 event.

Figure 3.7b Drawing of the Tb97 slab collected from H1.  The diameter cross section permits the 
comparison of HLS histories from the two radiuses. The annual banding is exceptionally clear, so there 
are no ambiguities in the relative ages.  The age assignment assumes the final death in 1935. 

Figure 3.7c HLS records recovered from the Tb97 are plotted as a function of time.  The 
averaged submergence rates are determined by the least squares fits of the entire or partial HLS 
records.  The least-squares fit to all the HLS record from 1900 to 1935 yields 5.4 mm/yr 
submergence; if using only preserved HLS it yields 4.5 mm/yr submergence.
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Figure 3.8b HLS records recovered from the Tb97 are plotted as a function of time.  The 
averaged submergence rates are determined by the least-squares fits of the entire or partial HLS 
records.  The least-squares fit to all the HLS record from 1900 to 1935 yields 5.4 mm/yr 
submergence; if using only preserved HLS it yields 4.5 mm/yr submergence.
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Figure 3.9b The combine HLS history recovered from The ancient and the living heads span the 
entire 20th century.  The 1935 emergence event dominates the history.  A period of submergence 
prior to 1935 appears to be eventful. The fastest submergence rate occurred in a period after the 
1935 event. The 1962 event is the second largest feature, and marked a decline in the 
submergence rate.    
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Figure 3.12a Cross section of the Bdg00B1 slab.  The HLS die-down between the central bowl 
and the brim represents the emergence during the 1935 event. The central bowl consists of coral 
bands that had grown prior to 1935.  The brim consists of growth bands after 1935.
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Figure 3.15 Barogang site map.  During the 1935 event the intertidal reef rose about 30 cm, 
thus lowering HLS from +6 cm above to -24 cm below the 1997 ring crest.  Numerous modern 
heads display the hat-shaped morphology that testifies to the 1935 emergence.
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Figure 3.16c Elevations of the perimeter crests of the central bowl and the brims.  The red bars 

are crests of the living exterior of the brim surveyed in mid-1997 when the heads were still alive.   

Difference in heights of the bowl and the brim indicates the emergence event during the course 

of the growth.
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Figure 3.18 Topography of H3 that has a relatively preserved upper surface of the central bowl.  
A least squares fit to the surveyed points represents the best estimate for the rate prior to 1935.

Figure 3.17b Drawing of the BrG00A1 X-radiograph showing the coral band stratigraphy of the 
hat-shaped head.  An emergence of about 30 cm during the 1935 event killed the upper-half of 
the central bowl.  The brim's topography indicates general fast submergence from 1935 until 
recently.  Significant erosions occurred around the bowl removing much of the upper parts of 
bands 1920 to 1935.

Figure 3.17c HLS history reconstructed from the Brg00A1 slab.  A relatively stable period 
persisted for a few decades prior to 1935.  Rapid submergence followed the 1935 event.  
Submergence appears to have decayed gradually to a much lower rate prior to 1961.  The rapid 
or sudden submergence in 1962 is the second largest event in the history.
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Figure 3.19b Combined HLS histories of Brg97 and Brg00A1 for the period from 1955 to 1997.  
It shows that the two HLS records from two different heads at this site are identical.  
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Figure 3.23b Comparisons of the elevations of similar crests and troughs across the heads 

shown in Figure 3.19b.  It shows that most are concordant within 2 cm.
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Figure 3.23a   Tops of most of the microatolls are concordant.  The elevations of the tops of  

living rings in 1997 are generally within 2 cm of each other.           
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Figure 3.24 a Cross section of H2 showing rapid submergence in 1962, a stable period between 

1969 and 1983, and rapid or sudden emergence about 1983-1986.  Emergence persisted during 

the last decade.  LC, S1, S2, S3, C1, C2, C3 are features indicated in Fig. 3.23b.  The head was 

collected in July 1997.

Figure 3.24b HLS history deduced from Pn97A1 slab.

Figure 3.24 (c) and (d) Average rate if the effect of the mid-1980s emergence step is removed. 

(c) Assume the emergence is 9.1 cm. (d) Assume the emergence is 6.5 cm.
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Figure 3.25c  Plots of HLS records of the west wing.
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Figure 3.26b  Combined HLS graph after correction for a possible 7 cm local settlement of the 
Pn00A3 head during the 1984 earthquake.

Figure 3.26a  Combined HLS histories of Pn00A3 and Pn97A1.  HLS histories of the west and 
east wings of Pn00A3 are generally similar.  HLS history of Pn97A1 has a similar magnitude 
and timing, but at a distinctly higher level.  
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Mid-Holocene heads occupy the inner side of the shallow-muddy beach.  These ancient heads 
grew to an elevation about 50 to 60cm higher than that of modern heads.

Figure 3.28 (a) Trace of a radiograph of the At99A1 slab that was collected from a modern head. 
(b) Deduced HLS history showing slow submergence prior to 1960.  Near-stable condition 
persisted from about 1960 to 1980.  Submergence resumed from 1980 until recently.
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Figure 3.30 (a) Graphical representation of relative elevations of 31 microatoll perimeter crests. 
Most are concordant within 5 cm of the mean value. (b) Table of relative mean elevations of 
perimeter crests and their uncertainty - in centimeters.  
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Figure 3.33 (a) Map view shows the nearly circular shape of the head H13.  (b) Interpretation of 
radiographs of the sawed slab. The head was overturned sometime before 1960.  Re-colonization 
of the head began in 1960 on the east radius and in 1962 on the west radius.  Growth on the east 
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Figure 3.39 (a) and (b) Slabbed modern head and 
its cross-section. (c) Relative elevation of the 
crests of living rings surveyed in mid-1997.
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Figure 3.40 (a) Pe-97-1 slab shows emergence and larger submergence events in 1960.  
Emergence has persisted for the last 30 years. (b) Least-squares averaged emergence is about 3 
mm/yr if using only HLS records and about 4 mm/yr if including minimum HLS in 1996 and 
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Figure 3.41 This site, on a small islet in northern 

tip of Bai Island exposed only during lowest tides, 

shows the relationship of selected living coral 

heads to the rocky and sandy substrate and to each 

other.  The location of slab Ba97B1, cut from one 

coral head is shown as a black line.  
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Figure 3.42a The "cabbage" head.
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Figure 3.42c
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Figure 3.46 (a) General map of Masin site. (b) Detailed map of surveyed modern microatolls. 
(c) Cross- sections of the selected heads.  A rapid submergence in 1935 is indicated by 
topography of head H14.  Flatness of surface tops implies many decades of a stable condition. 
(d) Elevation of the perimeter's crests are concordant within ± 3 cm (2-σ uncertainty). 
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Figure 3.47  (a) Plan-view map of head H 19 and the location of collected slab. (b) Trace of 
the radiography of the Msn00A1 slab.  HLS impingement occurred in 1930, 1935, and from 
1943 to recent time.  MAjor events are recorded in 1935 and in 1962. (c) HLS history depicted 
from the slab.
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Figure 3.48 (a) Coral stratigraphy from the modern head indicates emergence and larger 
submergence event in 1962.  (b) A least-squares fit to HLS impingement from 1971 to 1997 
yields an average emergence rate of about 1.2 mm/y.  If  one exclude the local emergence in 
1990, the average emergence rate is near zero (~0.06 mm/yr).
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Figure 3.49  (a)  Map of site at Sambulaling. Modern heads occupy most of region between the 
outer rampart and the beach.  A smaller population of older head settles near the beach berm.  
(b) Survey of crests of living rings in 1997 showing that they are concordant within 2 cm.  
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Figure 3.50a An internal growth structure of Sm97-2 slab collected from old head H8.  It 

reveals a period of near stability prior to 1935 and a rapid submergence between 1935 and 1950.  

Significant HLS impingement occured in about 1920, 1935, and 1945.  Microatoll died in the 

early1950s.

Figure 3.50b  Cross section of the modern head H2.  Emergence occured in about 1961, and it 

was followed by unhindered upward growth that is attributed to a larger submergence event.  

Topography of coral bands between 1971 and 1997 showing preserved smal ridges and throughs 

that represent minor fluctuations of HLS.  

Figure 3.50c  Graphical representation of combine HLS history derived from the old and 

modern microatolls, spanning almost the entire 20th century.  A least-squares fit to HLS between 

1971 and 1997 yields an average emergence rate of about 1.9 mm/yr for the past three decades.
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Figure 3.51 (a)  Chisseled sample from a small living head in mid-1997 at the Telur site.  A 
near flat topography of the upper surface indicates recent stability.  Banding is unclear, except 
along the the outermost 15 cm. (b) HLS history for the past 15 years.
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