
Uplifted Marine Terraces Along the Alpine Fault, 
New Zealand 

Three types of evidence indicate that marine terraces are widespread in the Southern 
Alps of New Zealand. (i) Remnants of shore platforms occur as distinct levels of 
notched ridge crests and flat summits; degraded sea cliffs are common. (ii) Scattered 
quartz beach pebbles occur on 16 of 18 levels of exhumed shore platforms in the Fox- 
Franz Josef type area to altitudes as high as 1700 meters. (iii) Altitudinal spacings of 
New Zealand terrace flights allow correlation with 18 dated global marine terraces at 
New Guinea, which were formed during glacio-eustatic highstands of sea level within 
the last 336 x lo3years. Inferred uplift rates at Fox-Franz Josef increased from 3.2 to 
7.8 meters per 10"ears since about 135 x 10" to 140 x lo3years ago, presumably 
because of increased convergence between the Pacific and Australian plates. 

MA R I N E  TERRACES F O K M E ~ ) DUR- is the result of juxtaposition of  continental 
ing global custatic sea-level high- crusts of the Australian and l'acific plates 
stands are time lines in rising along the Alpine fault (Fig. 1) .  Relative 

coastal landscapes. Undated and datcd ter- plate motion near the nliddle of  the Alps is 
races may be correlated because unique alti- about 46  m per 1 O3 years; it can be resolved 
tudinal spacings arc associated with each into dextral-motior; parallel to  the Alpine 
uniform uplift rate. Our model for marine- fault of  4 0  m per l o 3  years arid shortening 
terrace spacing is conceptually the saine as perpendicular to  the fault of 22  m per 10' 
that used for the spacing of sea-floor mag- ycars (4). Crustal shortening is achieved by 
netic stripes. Nonuniform time spans be- uplift and by development of  a root zone of  
tween global nlagnetic polarity reversals cre- thickened l'acific platc crust in the north arid 
ate a variablc pattern of  magnctic anomalies, underthrust Australian platc crust in the 
even thougll crustal sprcadlng rates arc uni- south (4). Schist and grajiu~ackc arc being 
form. Each spreading rate has a unique vigorously eroded by rivers and glaciers. 
spacing of magnetic strlpes (1).Nonuni-
f i rm ktenrals -between times of marinc- , 

terrace formation and nonuniform altitudes 
of formation (2) create a variablc altitudinal 
spacing for fligllts of  marine terraces, even w Z e a l a  

where uplift rates are uniform. Each uplift 
rate has a unique altitudinal spacing of  
tcrraces. The models for spacings of  global 
ocean-floor magnetic anomalies and global 
marine-terrace altitudes can be used to infer 

Australian plate 

ages where radiometric age determinations 
are not available; both require careful dating 
in g1pe local~ties. The Th/U ages of New 
Guinca corals prov~de dates for most major 
tcrraccs formed during the last 336 x lo3 
ycars (3);other dates come from scdimcnta- 
tion and reef growth rates. This report 
summarizes the evidence for ancient shore- 
lines in the Southern Alps of  New Zealand 
and for uniform uplift during the last Paclflc plate 

135 x 10' to  140 x 10' years and describes 
inferred uplift rates. 

The tectonic setting of the Southern Alps 

W. B. Bull, Gcosciences Dcparuncnt, University of Fig. 1 .  Tcctonic sctting of  New Zcaland and 
Arizona. Tucso~l. AZ 85721 locations of  study sites at Kaniere (K), Fox-Franz 
A. F. Cooper, Gcolo 71 I>epartmc~it, U~llvcrs~ty J O S C ~(F), Haast lGver (H), Moeraki liivcr (M),  of Ota- 
go, Post Officc Box ?A, l>unedin, Ncw Zealand. and Statford Range (S). 

Adains (5) proposed that the Alps arc being 
worn down as fast as the postulated 20  m 
per 1 O3 ycars at which they are being uplift- 
ed. Other studies suggest lesser rates of 
uplift 15 m per 103 ycars (6)l and dcnuda- 
tion 11 1 to  1 3  m per 1 O3 years (771. 

Recognition of two high (960 and 1430 
m) remnants of marine terraces east of the 
Alpinc fault (6) poses questions as t o  wheth- 
er more tcrracc rcmnants arc present, arid 
whcthcr thcy occur elsewhere in the Alps. 
We believe that flights of  late Quaternary 
marine tcrraccs arc present both cast and 
west of the Alpinc fault arid that thcy can be 
correlated with the datcd New Guinca tcr- 
races to  provide insight regarding styles and 
rates of uplift along the plate boundary. 

Spur and main divide ridges are promi- 
nently notched to altitudes of more than 
3000 111. Initially, most notches were sea 
clifs and associated shore platfornls that 
presently arc formed in the intertidal rarigc 
(8) . Below altitudes of 1700 m in three 
study areas (Fig. l ) ,  the landfor~ns have 
sun7ived erosion sufficiently well t o  be rcc- 
ognizcd as exhumed shore platfornls and 
degraded sea clifs cut in fairly hotnogeneous 
schist. 

The morphologies of the marine-terrace 
remnants vary with altitude and age. Local- 
ly, continuous strandlines can be traced for 1 
to  3 km. High remnants consist of  broad 
summits and flat ridge crests as much as 1 
krn long (Fig. 2). Notched spur ridges dom- 
inate at intermediate altitudcs (400 to 1400 
m),  each notch consisting of a sloping shore- 
platform remnant and its associated adjacent 
sea-clif remnant. At altitudes of only a few 
hundred meters the terrace relnnants occur 
as benches notched into mountain-front cs- 
carpmcnts. Idow bedrock benches are man- 
tled with colluvium and, along some vallcjrs, 
merge with rcmnants of fluvial straths that 
were graded to the same former sea-level 
highstands. 

Beach pebbles occur on the notched spurs 
arid flat summits. Angular quartz fragments 
arc weathered fro111 schist. Widely scattered 
but exceptionally well-rounded quartz peb- 
bles and cobbles contrast markedly with the 
angular quartz pebbles. A fluvial origin is 
improbable for rounded pebblcs o n  flat 
suulmlits. Scantling electron microscopy of 
rounded quartz grains from tcrracc rcm-
nants reveals surface textures similar to  those 
of modern beach pebblcs (6). The beach 
pebbles were probably stored in bedrock 
fractures and topographic lows arid have 
been exhumed by erosion of sea-clifcolluvi- 
um. 

Additional evidence for the presence of  
marinc tcrraces is the correlation of  the ten 
youngest tcrraccs with dated New Guinca 
tcrraccs. The conceptual model, mcthodolo- 
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Tablc 1.Altitudes of notched ridge crests along two trmsccts 011Colc Spur near Franz Josef. From map 
NZMS 1 Waiho S71. Only altitudes in parentheses are uscd in Table 2 and Fig. 2. 

North of Stony Creek 

Altltudc Grld reference 
(feet) ( lo) ]nap locatlo~l 

650* 857758 

1050 866764 
1450 864754 
1650 865755 
1850-1950 866755 
2150 867755 

2350 869 755 
2550 (777 ~ n )  873751 
2950 875749 
3250-3350 878748 
3 750 883746 
4250 886742 

South of Stollv Creek 

Altltudc 
(feet) (10) 

650 198 m* 
950 (290 m) 

1050 (320 n ~ )  
1450 (442 m) 
1650 (503 m) 
1850 (564 m) 
2150 (655 m) 
2350-2450(747m) 

2950 (899 m) 
3250 (99 1 m) 
3750 (1143 m) 
4250 (1296 m) 

Grld reference 
[nap locatlon 

855754 
858752 
853746 
854744 
861747 
862746 
856740 
860740 
865744 

870743 
874740 
880738 
884738 

*Mountain-picdmont junction may coincidc with base of sca cliffformed at 30 x 10' years, but thc 198-111 alt~tudc is 

ridge crests along 3 km of inountai~~ - - front, 
and then consider variations of inferred up- 
lift rates for 20- and 250-km-long study 
areas adjacent to the Alpinc fault. 

About 7 km cast of Franz Josef a triangu- 
lar facet rises 1600 m froirl the trace of the 
Alpinc fault to Colc Spur over a distance of 
4.7 km. The facet is dissected by Stony 
Crcck, which has cut a valley 300 nl deep in 
a 3-km2 watershed. The ridgc crests in this 
glacially uilmodified larldscape retain rcm- 
nants of shore platforms at bases of dcgrad- 
cd sea cliffs. Altitudes and locations of accor- 
dant notches are listed in Table 1 and the 
q~~ali tyof data is discussed in (10). The 
irlountaln-piedmont junction is at 200 m, 
above which 10 of 12 notches arc accorci'int. 
Each ridgc crest apparently is missing one 
level of notchcd spur. Thc altitudes of 
notched spurs on the south ridge crest and 
the 777-m altitude on the north ridgc crest -
arc uscd in the following correlation at-
tempts. 

Assignment of a New Guinca age to one 
local terracc results in sequential age assign- 
ments for all other terraces. For correlation 
attempt A in Table 2, the 503-m terrace 
rcrrm&~t is assigned an age of 30 x lo3 
years and has an inferred uplift of 545 m 

not used in the Table 2-Fig. 2 analysis. 

0,pitfalls, and cross-checks of global-ma- 
rine terrace correlation by altitudinal spac- 
ing analysis are discussed in detail by Bull 
(2).  

Glacio-custatic fluctuations in late Pleisto- 
cene sea level control the ages and partly 
determine the altitudes of marine terraces. 
Studies in the Atlantlc and Pacific oceans 
show that marine terraces formed at 6 m 
above to 46 m below present sea level 
during the last 336 x lo3 years. Global 
synchroneiry of the 120 x lo3ycar tcrrace 

and several others is demonstrated by urani- 
um-series disequilibrium dating of coral 
from New Guinca, New Hebrides, Barba- 
dos, Haiti, the Mediterranean Sea, Hawaii, 
Japan, and California (3, 9).We assume that 
malor sea-level changes occurred synchro- 
nously at New Guinca and New Zealand. 

Attempts to correlate New Zealand with 
New Guinca marine terraces arc ill~~stratcd 1503 m - (-42 m)]. All four corrclation 
m Figs. 2 and 3, data arc listed in Tables 1, 
2, and 3. We first consider a sampling of 
altitudes of ancient shorelines from a pair of 

Time before present ( x  l o 3  years) 
0 100 200 0 100 200 

.--
a 991-rn terrace is 83 x l o 3  years 665-rn terrace is 83 x l o 3  years
2. 


442-rn terrace is 83 x l o 3  years 290-rn terrace is 83 x 1 0  years 

Fig. 2. Attenlptcd cortelations of a flight of marine-terrace remnants on a ridge crest north of Stony 
Creek near Franz Jose6 with dated marine terraces in New Guinea. Labels correspond to correlations in 
Table 2. (A) Terrace remnant 503 m high asslgned an age of 30 x 10.' years. ( R )  Terrace 290 m high 
assigned a11 age of 40 X 10' years. ( C )Terrace 290 m high assigned an age of 64 X 10' years. (1)) 
Terrace 290 m high assigned an age of 83 x 10' years. Only (R) portrays uniform uplift; the line passes 
through the data points and the origin. 

attempts can be fitted with regression lines 
(Fig. 2) that indicate consiste~tly rapid up- 
lift (6 to 10 m per lo3years), and all indicate 
slower uplift before 133 x lo3 years ago. 
Only B passes through the graph ori- 
gin, which indicates uniform uplift for the 
last 133 x lo3 years. 

Which corrclation is most reasonable? 
I'lot A (Fig. 2) ignores the presence of three 
terracc levels on Cole Spur, and, because the 
regression linc intersects the ordinate at 230 
m. one must also assume a r a ~ i d  increase in 
uplift ratc to more than 20 m' per 10' ycars 
at some time since 30 x lo3years ago. Plots 
C and 1) assume that many young New 
Guinea tcrrace correlatives arc not present 
despite the apparently rapid uplift rate, and 
that either uniform uplift abruptly ceased at 
15 x lo3  and 30 x lo3  ycars ago, respec- 
tively, or that there have bccn pronounced 
declines in uplift rates since 64  x lo3  or 
83 x lo3 years ago. Plot 13 assumes that 
utl~form uplift has continued to the present. 
Only corrclation B accounts for all of the 
New Zealand and all of the New Guinca 
terraces. We conclude that R is the most 
reasonable corrclation and infer that this 
small part of the Southern Alps has bccn 
rising uniformly at 7.8 m per 10' years 
during the last 133 x lo3  years. 

How large an area can be represented by 
the inferred uplift ratc of 7.8 m per lo3 
ycars? Does the uplift rate change to the 
southeast of the Alpine fault? Was there an 
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lift rate 135 x lo3 to 
ago? We addressed these 
da t ing  altitudes of 436 
ive of marine-terrace rcm- 
0 km by 6 kn1 so~~theast of 
)y making the samc type of 
le Spur (Table 3). 
lata must be accurate if we 
ssful correlations of global 
ncluding the age determi- 
Jew Guinea terraces, alti- 
n, and present terrace alti- 
:w Guinea and New Zea- 
lnt assumption is that re- 
wcrc uniform at both the 
New Zealand study areas. 
on in any of these factors 
-er around regression lines 
the origin. 

,lift ratc at Fox-Fraiz Jo- 
13.1 to 7.8 m per lo3 years 
140 x lo3 years ago. The 
liforniity of recent uplift 
Spur and Fox-Franz Josef 
st that large sections of the 
: being uplifted at the samc 
n per 10' years) and that 
not change rapidly with 
:c cast of the Alpine fault. 
tcs bcforc 135 x lo3 to 
 go were conducive to the 
~xtensive shore platforn~s. 
regional variations in in- 
[long 250 km of the Alpine 
wo additional analyses. A 
of the fault was studied. 

I uplift for the Kanierc, 
1 Fox-Franz Joscf study 
3) rcvcal uniforn1 inferred 

Time before present ( x  lo3 years) 

Fig. 3. Inferred uplift ratc graphs for flights of marine-terrace remnants along the Alpine fault in the 
Fig. 1 study areas. Carbon-14 date is from (6). All rates arc in meters per 10' ycars, and arc labeled on 
the associated graph. Each cunrc is shifted for clarity, with shifted scales starting at the time-axis 
intercepts. 

uplift rates during the last 135 x lo3 to 
140 x lo3 years of 5.5, 5.9, and 7.8 111 per 
lo3 ycars, respectively. 

Tlic pattern of uplift ratcs for the 
200 x 10' ycars bcforc about 140 x l o3  
years is different in all three study arc a5 : cast 
of the Alpine fault. lnferred uplift ratcs wcrc 
uniforn1 but much less, being only 2.6 111 per 
10' years at Kanicrc, 3.2 nl per lo3 years at 
Fox-Franz Joscf, and 3.6 111 per lo3 ycars at 

Haast River. There appears to he a 40% 
increase in uplift ratcs 340 x 10' to 
140 x lo3 years ago toward the southwest. 
This may partly explain an anornaly: al- 

Tablc 3. Best correlation of the inferred uplift of 
the Fox-Franz Josef marine-terrace sequence with 
the dated New Guinea terraces. Ages and altitudes 
of formation at the left are from Chappell (3); 
data for the Fox-Frani Joscf terraces are on the 
right side. The rows of the two sides are aligned 
to show the most logical correlation, which is the 

I correlations of the Cole Spur marine-terrace remnants with the dated sequence of 7.8 In per 10' ycars plot of Fig. 3. Values vary in 
ices at New Guinea (3). Values vary in precision (10). Abbreviations: M ,  mean precision (10). 
U, inferred uplift in meters. 

New Guinea New Zealand 

New Zealand terraces terraces terraces 

Age Alt~tude Inferred 
e ( x 10' formed 

( m ) 
uplift 

1 M U  M U  M U  M  U  years) (m) (m) 
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though the highest peaks of  the Southern 
Alps occur southeast of  Franz Joscf, where 
after 140 x 10' years ago uplift is inferred 
to  be ma..inmunm, the area of highest mcta- 
nmorphic grade of schist and hence expected 
~ilasimum total uplift occurs 25 to 4 0  lun 
northeast of  the Haast River. 

The close altitudinal spacing of rnarinc 
tcrraccs along the coast west of  the Alpinc 
fault between the Stafford Kange and the 
Moeraki River suggests relatively low uplift 
ratcs, so we sun:eyed altitudes of uplifted 
shore platfornms in conjunction with topo- 
graphic rnap anal~7ses. Attempts to  correlate 
six marine tcrraccs in the coastal nmountains 
with New Guinea tcrraccs yielded only one 
reasonable solution (Pig. 3).  linifornm in- 
ferred uplift of  2.0 111 per lo3 years between 
242 x 10' and 176 x l o3  years ago dc- 
creased to uniform uplift of 0.87 m per 10' 
ycars since roughly 150 x 10' ycars ago. 

Correlations of rcrnnants of marine tcr- 
races along the northwestern flank of  the 
Southern Alps at three widely spaced sites 
with the dated sequence of global marine 
terraces at New Guinea is a useful basis for 
inferring terrace ages and uplift ratcs. At 
least 250 km of tlic Southern Alps is being 
elevated at an illferrcd rate of 5 to  8 111 per 
10' ycars during the last 135 x 10' to  

140 x lo3 ycars. Reset KIAr radiometric 
clocks in heated and uplifted schist, and 
surficial tcnmperanlre gradients, imply uplift 
ratcs of less than 10 111 per 10' ycars (11); 
these cross-checks agree with the uplift ratcs 
inferred from the marine-terrace analyses. 
An apparent doubling of  uplift rate occurred 
between 135 x 10' years and 140 x 10' 
ycars ago at three widely separated sitcs east 
of the Alpinc fault. l'rcsurnably, it is associ- 
ated with long-term increasing convergence 
between the Australian and l'acific plates. 
Opposite and roughly s~mchronous changes 
in inferred uplift ratcs east and west of the 
Alpine fault near the Haast River also con- 
tribute to  the picture of  illtcrllal consistency 
that supports the correlations and unifornm 
uplift-rate assumption. 
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Polymorphism of Sickle Cell Hemoglobin Aggregates: 
Structural Basis for Limited Radial Growth 

Fibers composed of molecules of deoxygenated sickle cell hemoglobin are the basic 
cause of pathology in sickle cell disease. The hemoglobin molecules in these fibers are 
arranged in double strands that twist around one another with a long axial repeat. 
These fibrous aggregates exhibit a pattern of polymorphism in which the ratio of their 
helical pitch to their radius is approximately constant. The observed ratio agrees with 
an estimate of its value calculated from the geometric properties of helical assemblies 
and the degree of distortion that a protein-protein interface can undergo. This 
agreement indicates that the radius of an aggregate is limited by the maximum possible 
stretching of double strands. The geometric properties limiting the radial extent of 
sickle hemoglobin fibers are fundamental to all cables of protein filaments and could 
contribute to the control of diameter in other biological fibers such as collagen or 
fibrin. 

S 1CI<I,H (;EI,I, HEMOGLOBIN l>IFFI!KS 

from normal hc~i~oglohin only in that 
a valyl residue is substituted for a 

glutanmate at the p6 position of  both p 
chains of  the molecule. In its ut~ligandcd 
state, the sicklc cell hemoglobin (HbS) nmol- 
ccule has a lower solubility than normal 
lmcmoglohin. 'fhis results in an aggregation 
of the rnolcculcs into regular fibrous arrays. 
Much of  the pathophysiology of sickle cell 
disease is attributed to  occlusion of  the 

capillaries in the ~ilicrocirculation by fiher- 
containing erythrocytes. Obscn7ed polynmor- 
phic asscnmhlies in vitro range in size from 
220 A diameter fibers ( I )  t o  larger macro- 
fibers (2, .?), twisted crystals (4 ) ,  and macro- 
scopic crystals suitable for high-resolution x- 
ray crystallography (5-7). The crystals and 
the fibers found in cqrthrocytes and in solu- 
tions of deoxy-HbS have a common hasic 
structural element, the presence of  which 
has been confirnmed by the striking sinmilar- 
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ities of their x-ray diffraction patterns (8, Y). 
This basic structural unit o r  protofilament is 
a double strand of HbS nmolcculcs, which 
possesses approximate twofi)ld screw sym- 
metry with an axial rise of 32  A per hcmo- 
globin nmolcculc. The protofilament is stahi- 
lizcd, in part, hy the interaction of  one of the 
p6 residues in HbS with the edge of the 
heme pocket of an adjacent molcculc (7, 10). 

All of  the aggregates of HbS molecules 
arc side-to-side assemblies of the protofila- 
mcnts. In the macroscopic crystals, the pro- 
tofilaments are arranged parallel o r  antipar- 
allel to  one another. In the smaller aggre- 
gates, the protofilaments arc slightly twist- 
ed, and coil around one another with a long 
helical pitch. From the side-to-side packing 
of protofilarncnts in the fibrous aggregates, 
it would appear possible to  continue adding 
~xotofilaments to  these aggregates without 
bound. The side-to-side packing of  proto- 
fila~ilcnts is not self-li~iliting as it is, for 
instance, in the case of  nmicrotubules, where 
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