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ABSTRACT 

Rates of latest Quaternary slip obtained fran stream terraces 

and glacial moraines displaced by faults of the Alpine shear system, 

vary with space and time. Field measurements yield displacement values 

for faulted geaoorphic surfaces, while the rate of thickening of wea

thering rinds and changes in soil properties, calibrated at sites of 

krlcMn age, yield age estimates. Precisions are 5-20% from weathering 

rinds and 15-50% fran soil data. The oldest surfaces examined have ages 

of 15-20 lea and right-lateral fault displacements up to 400-600 m. 

Latest Quaternary lateral-slip rates are 20-45 nnn/yr across the 

Alpine fault in the Southern Alps. To the northeast slip is distrib

uted across a system of faults in Marlborough. The main faults of this 

shear system--the wairau, Awatere, Clarence, Hope, and Porters Pass

have latest Quaternary rates of 5-10, 7-10, 7-9, 20-40, and 4-5 nnn/yr 

respectively. Each fault has undergone a substantial decrease in 

lateral slip in the last 3-5 lea. 

Long-term rates of horizontal slip across the Australian-Pacific 

plate boundary--the Alpine shear system in most of the South Island--are 

35-50 rrm/yr parallel and 8-25 mm/yr normal. SUms of faul t-slip rates 

exceed these plate motions f(;)r the early-middle Holocene, but late Holo

cene faul t-slip rates are less than half the long-term average. Rates 

of geodetic strain and seismic nanent release over the last 50-100 yr 

approximate the long-period rates in Marlborough but are only half in 

the Southern Alps. The best explanations of these variabilities are 

xvi 



xvii 

that the proportion of plate-boundary motion aCCOOIoodated by fault slip 

changes, or that the rate of motion across the plate boundary varies, 

perhaps over 5 lea intervals. The first hypothesis is not consistent 

with the early Holocene rates exceeding the long-term average, but the 

second hypothesis implies that the last 50-100 yr is a period of renewed 

high tectonic activity. The second hypothesis is JOOre consistent with 

the data, am the last 15-20 lea may be the time interval necessaIY to 

average out shorter, 5 lea episodic variations in plate-boundary motions. 



CHAPTER 1 

INTROOOCTION 

Fran the advent of the plate tectonics theory one of the primary 

concerns of earth scientists has been the rates of relative and/or 

absolute motioo of the plates. This interest has been manifested by a 

wide variety of geologic and geophysical studies at various scales 

of time and space. Analyses of magnetic ananalies in the oceans have 

yielded data on rates of seat loor spreading (eg. Heirtzler and others, 

1968), which have been canbined with transform fault azimuths and 

earthquake slip vectors to describe vectors of relative plate motions 

for the last 3-5 Ma (1 Ma = 1 million years) (Minster and Jordan, 1918; 

Chase, 1918). Similarly, magnetic-ananaly pattems and transform-

faul t geanetries have been used in many studies to reconstruct long

term patterns of relative plate rotations over tens to hul'¥ireds of Ma 

(eg. Stock and Molnar, 1982; Davis and Solanon, 1981). "Absolute" 

plate motions can be described through such reference frames as hot 

spots that are presumed to be fixed (eg. Chase, 1918), paleanagnetic 

poles (eg. Ullrich and van der Voo, 1981), or the balance of 11 tho

spheric torque (Davis and Solomon, 1981). 

All of these studies of long-period plate IJK)tions average the 

processes occurring at plate boundaries over many Ma. At the other 

extreme, the short-period episodic nature of plate-boundary processes 

is exemplified by the periodic nature of major stick-slip interplate 
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earthquakes. The cycle of non-uniform strain accumulation and release 

that accanpanies these events is becaning increasingly well-understood, 

both for subduction bot.tn:iaries (Thatcher, 1984) and str1ke-slip l:xJuM

aries (Thatcher, 1975, 1983). 

Plate-bouDjary processes over intermediate time periods have 

received scmewhat less attention. Studies of intermediate-period 

rifting, both across the Mid-Atlantic Ridge (LeDouaran and others, 

1982) and in Afar (Courtillot and others, 1984), indicate that non

uniform rates and episodic activity characterize these areas over 

several hundreds of thousands to peI'haps a million years and that 

2.5 to 3.0 Ma averaging is required to recognize "smooth" spreading 

rates. Mltions across plate 1xl1.lrx1aries over thousands to tens of 

thousands of years are even less well-exam1ned; studies are restricted 

largely to continental plate bouridaries, where detailed late Quaternary 

geologic data can be obtained but where plate-l:xnlIxBry processes typi

cally appear to be more CCDPlex than in the oceanic crust. Sieh and 

.1alms (1984} and Weldon and Sieh (1980, 1981) have studied latest 

Quaternary motions along portions of the San Andreas fault, and they 

conclude that lateral slip has occurred at relatively constant rates at 

ind1vidual sites during the Holocene, such as 34-37 rmn/yr at wallace 

Creek in the carrizo Plain. However, this work covers only one of many 

faul ts canprising a canplex continental plate bouDjary. In contrast, 

Sharp (1981) concludes that the Holocene lateral slip rate across the 

San Jacinto fault has been variable. For the last 400 yr the lateral 

slip rate is 2.8-5.0 mm/yr, while the rate was only 1.4-2.0 mm/yr 

for the preceding 5 ka. The average rate for the last 0.7 Ma is 
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8-12 mm/yr. The San Jacinto fault cauprises only one element of the 

canplex southern San Andreas shear system plate boundary, which also 

includes the san AD:imas, Elsinore, Rose canyon, and offshore strike

slip faults and the thrusts of the Transverse Ranges. The behavior 

of the boundary as a whole over the Holocene remains uncertain, because 

data are not available for displacement across all major structures 

of the shear system. 

The long-term, intermediate-term, am short-term time periods 

used in this study refer to particular time ranges. Throughout this 

discussion the terms lang-period, intermediate-period, and short-period 

will refer specifically to the age ranges defined here. 

Time Period 

Short 

Intermediate 

Long 

Age Range in Years 

101-102 

103-104 

106-107 

The term latest Pleistocene is used here to refer to the period fran 

20 ka (1 ka = 1000 yr) to 10 ka; the term P.olocene refers to the last 

10 ka. The term latest Quaternary is applied to the last 20 lea. 

Purpose am Scope 

The principal aim of the present study is to elCaJJdne in detail 

the boundary between the Indian-Australian (or Australian) and Pacific 

plates in New Zealand, emphasizing intermediate-period rates of activity 

am evaluating whether motion across the boundary is essentially uniform 

both in time and space or episodic. The intermediate-period patterns of 

plate-boundary behavior then can be canpared with long-period activity 
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deduced largely fran magnetic ananalies and with short-period JOOtions 

deduced fran seismic and geodetic data. 

New Zealand (B'igures 1 arxl 2) is an ideal locality to c:or¥iuct 

this I esearch for several reasons. First, lang-term plate motions have 

been the subject of much scrutiny (eg. Christoffel, 1971; Christoffel 

and Falconer, 1973; Cole and Lewis, 1981; Farrar and Dixon, 1984; 

Stock and MJlnar, 1982; Halcott, 1978, 1984 i Weissel and others, 1977). 

SecOIXi, aburdant seismic and geodetic data are available to define 

present-day, short-period tectonic activity (cf. Halcott, 1978). Third, 

rmmerous latest Quaternary deposits are displaced by faults of the 

Alpine shear system (eg. Berryman, 1979), a cauplex of faults and folds 

that canprises the strike-slip plate boundary in the South Island. The 

river systems of the South Island aggraded during, and just after, the 

culmination of late Pleistocene glaciation. SU1:lsequently these rivers 

have downcut through the aggradation deposits (CCiiioonly into bedrock) 

leaving behind sequences of degradational terraces. Where these terrace 

sequences are cut by active faults, a complete record of PI'OQl! S sive 

latest Quaternary displacement is preserved; such faulted sequences 

occur at numerous localities for each fault of the Alpine shear system. 

This record of fault movement across each major structure of the plate 

boundary and spanning a consistent intermediate time period is in 

contrast to the variety of ages used in assessment of Quaternary slip 

rates in california (Clark and others, 1984) or any other region. 

In studying intermediate-period plate-boundary motions as 

well as long-period and short-period activity in New Zealand, several 

goals guided the course of this research. 
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Figure 1. Location Map of South Island, Showing Main Regions 
and Key Local1 ties. Faul ts of the Alpine shear system 
are shatm for reference with later figures. 
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of Australian plate (Lord Howe Rise) and Pacific plate 
(CamPbell Plateau and Chatham Rise). 
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1. Define latest Quaternary rates of activity across the 

main faults of the Alpine shear system in the northem am west-central 

South Island, New Zealand. 

2. Utilize these slip-rate determinations to examine hew uniform 

the motion has been across individual faults am across the shear 

system as a whole over periods of a few thousand years to about 15 to 

20 lea. At the same time, the nature of strain distribution across a 

canplex shear system can be examined. As the system changes fran a 

single main strike-slip fault to a canplex of splay faults, is the 

total strain rate transferred equally among the splay faults, or is it 

unequally distributed? Is a significant portion of the total strain 

parti tioned into permanent deformation between the major faults? 

3. Analyze short-period strain rates obtainable from historical 

seismici ty am repeated geodetic surveys. These rates then can be can

pared with intermediate-period rates and deformation patterns obtained 

fran the geologic data and with long-period vectors of relative plate 

IOOtions to examine the consistence of present-day activity with longer

term tren::ls. If temporal or spatial nan-uniform! ty in the level of 

tectonic activity is indicated by intermediate-period data, then is 

present-day activity in a relatively high-activity or low-activity 

stage for particular faults and the shear system as a whole? Answers 

to this question have important implications for seismic hazards 

analyses in New Zealand. 

A variety of teclmiques, involving a large number of disciplines 

in the earth sciences, have been utilized to reach these goals. The 
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principal approaches are SUIJIDal'ized here, while more detail on each 

technique 18 PI esented at the appropriate place in the text. 

1. Geologic field studies were conducted at sites canprising 

stream terraces and glacial moraines, most of which are cI'OSSed by 

active faults. The field work was aimed at obtaining measurements of 

displaced geaDOrphic features and estimates of their ages. Geaoorphic 

features were correlated across faults and displacements were measured 

ei ther with tape and hand level or by surveying. Many displacement 

values were obtained fran published and tmpUblished data by New Zealand 

workers, and most of these were rechecked in the field. 

2. Ages for geaDOrphic surfaces were obtained in a few 

instances by radiocarbon dates but more cooioonly by using indirect 

dating techniques, here termed relative-absolute techniques. When a 

technique ccmnanly used for relative dating is calibrated at sites of 

known (absolute) ages, it beoanes a relative-absolute technique. In 

this study rock weathering rinds, soil morphology, and soil chemistry 

are so used. A number of calibration sites was obtained during this 

research, although much of the calibration data was obtained fran New 

Zealand workers. As part of the dating technique, laboratory analyses 

were made of chemical cu"lonents of soils fran calibration and fault

study si tea. These data were utilized to examine time-dependent changes 

in soils as an aid in estimating ages of gec::mJrpb1c surfaces. 

3. CooIputatians were made of rates of seismic moment release 

fran historical earthquake data. These involved determinations of 

frequency-magnitude and maDent-magnitude relationships fran the data 

and application of appropriate equations to determine seismic JDCIIIeIlt 
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rates. Likewise, given the faul t-slip rates that are obtained fran 

field studies, manent-release rates for the intermediate-period geologic 

data also were oomputed. 

". Strain rates were obtained fran geologic, seismic, arx1 

geodetic data. Appropriate geanetrical analysis of the fault-slip 

data yielded principal cailponents of the regicmal strain tensor. By 

canbining seismic nonents with slip vectors and principal axes obtained 

fran fault-plane solutions, seismic rnanent tensors were defined, and 

strain rates were obtained. Finally, average strain rates were obtained 

fran published geodetic data. 

The details of these techniques and the results of the research 

are discussed in the following chapters. The remainder of this first 

chapter addresses aspects of the tectonic, geologic, and seismologic 

setting of New Zealand that are of particular importance to this study. 

Chapter 2 discusses the tectonic geauorphology of the Alpine shear 

system in the northem and central South Island of New Zealand. This 

first includes description of some models for the developDl!!l'lt of glacial 

rooraines arx1 stream terrace sequences, particularly the effects of 

faul ting and the relation of ages of faulting events to the ages of 

geaDOrphic surfaces. Next, techniques used to date stream terraces and 

other geanorphic surfaces are developed. Selected study sites are dis

cussed in detail. Finally, the age estimates obtained for faulted 

geaoorphic surfaces are St.D!I!Jarized. Chapter 3 presents data on latest 

Quaternary faul t-slip rates for the study area. Chapter 4 presents 

data and results of seismicity and geodetic analyses. Manent-release 

rates obtained fran seismic and geologic data are canpared, and strain 
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rates obtained fran these data are 0"1l1pa1"ed with those canputed fran 

geodetic data. In Chapter 5 the CCIIIpEltibility of results fran lang-, 

intermediate-, am short-period data sets are discussed. 'n1e final 

chapter presents a SUJJmaI'Y of the resu.l ts of these studies. Most 

of the detailed data are tabulated in the appendices, although examples 

are discussed in each section of the text as appropriate. 

Tectonic, Geologic, and Seismic Setting 

New Zealard currently sits astride the Australian-Pacific 

plate bourr:3ary (Figure 2). This has been true primarily in the late 

Cenozoic. In this section, selected aspects of the pre-Cenozoic ge0-

logic and tectonic history are reviewed, the late Cenozoic evolution 

of the plate1::xJwmry is considered ard long-period rates of plate-

1::xJwmry motion are SUJIInal'ized, the characteristics of the faults 

of the Alpine shear system are introduced, and the nature of seismic 

activity of the study region is reviewed. 

~icGeology 

The two principal pre-Cenozoic geologic terranes of the South 

Island are the Tuhua terrane and the Rangitata terrane (Figure 3) 

of Crook and Peary (1982). The Tuhua terrane CCIIIpl'ises a probable 

volcanic arc sequence active from the late Proterozoic through the 

late Cambrian, overlain by a cambrian to Devonian sequence of post

subduction flysch and neritic sediments (Crook and Peary, 1982). 

The terrane has been displaced 480 kin laterally by the Alpine fault, 

and portions now are fotmd in West Nelson, Westland, and Fiordland. 
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Figure 3. Generalized Geologic Terrane Map of South Island. 
MJdified fran Crook and I'eary (1982), Bradshaw am others 
(1981), and Mackinnal (1983). Note that Haast Schist 
includes metamorphosed rocks of both Torlesse SUpergroup 
(Alpine Assemblage) and Te Anau ~lex (Hokunui-Te Anau 
Assemblage) . 
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'Ihe Permian to Oligocene Rangi tata terrane cauprises a fore

arc plus arc-trench volcanic and volcaniclastic sequence (the Hokanui 

~psemblage) and a quartzo-feldspathic subduction sequence (the Alpine 

Assemblage). 'Ihe Hokanui Assenblage includes the volcanic arc of the 

Brook St~t SUpergroup, the oceanic crust of the Dun Mountain ophio

li te, and the stratigraphically overlapping fore-arc basin sediments of 

the Maitai and Murihiku SUpergroups with their equivalents in the 

southern Haast Schist. Displacements across the Alpine fault of con

tacts between these un! ts provide the principal evidence that total 

displacement across the fault is 480 Ian (Wellman, 1955: SUggate, 1963). 

'Ihe Alpine Assemblage canprises the Torlesse SUpergroup and 

its metamorphosed equivalents in the central and northern Haast Schist. 

These quartzo-feldspathic rocks, mostly greywacke sandstone and argil

lite in the Torlesse, are thought to have been derived from a south

eastern (in present geographic terms) source, possibly part of Antarc

tica, while the Hikonu1 Assemblage is considered to be westward-derived 

(Crook and Peary, 1982: Mack1rmon, 1983; Bradshaw am others, 1981). 

Rocks of the Alpine Assenhlage underly most of the Southern Alps and 

the ranges of Marlborough and are source rocks for most of the sites 

examined in this study. Age and lithologic variations in the Torlesse 

terrane potentially are important controls on rock weathering and 

soil formation, so these aspects are SlDJIDal'ized in some detail in 

the following paragraphs. 

The age of Torlesse rocks is moderately well-lcnown fran fossils 

collected from the South Island (Andrews and others, 1976). Fossils 

are sparse fran the Torlesse in Marlborough, but structural trends help 

12 
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define inferred age OOundaries, assuming that age b:nmdaries parallel 

structure r as they do in other portions of the Torlesse. The northNard

younging age distribution that is slum in Figure " is consistent 

with a nortm-.Yard-migrating source for the Torlesse rocks. 

The rather sharp contrast in age between late 'I'Tiassic and 

Cretaceous-late Jurassic rocks in Marlborough, juxtaposed across the 

Esk Head tectonic melange, is reflected in a contrast in petrology of 

the sandstones and associated conglanerates (Mack.innan, 1983: Dickinson, 

1971, 1982). The younger Torlesse rocks are much higher in lithic 

fragments, particularly sedimentary lithics, than older, Permo-Triassic 

greywacke. Canbining this with evidence fran conglanerate clast pr0ve

nance, Mackinnon argues that the J'Uro-Cretaceous Torlesse rocks contain 

a significant cauponent of recycled Permo-Triassic Torlesse source 

rocks. The effects of these age-&!pendent lithologic variations on 

rock weathering are considered in Chapter 2. 

Two very well-defined aspects of the Alpine Assemblage rocks 

are the apparent bending of schist-greywacke contacts parallel to the 

Southern Alps (Figure 3) and the increasing metamorphic grade and 

decreasing K-Ar age as the Alpine fault is~. The sch1st

greywacke boundary as mapped by New Zealand geologists approximately 

coincides with the transition fran prehnite-pumpellyite to pumpellyite

actinolite facies metamorphism. M:let of the schist exhibits greenschist 

facies metamorphism, while the greywack.e generally exhibits zeolite to 

prelm.1te-pumpellyite facies metamorphism (Figure 4: LamUs and Bishop, 

1972). The K-Ar ages of schists decrease toward the Alpine fault 

(C. Adams, 1979), fram 100-120 Me 40 km east of the fault to less 



Torlesse Ages 

1 Permian 
2 Middle Triassic 
3 Lower Upper Triassic 

4 Upper Triassic 
5 Esk Head Melange 

(Upper Triassic) 

6 Jurassic-Lower 
Cretaceous 

o 100 km , , 

Metamorphic Facies & Zones 

D Prehnlte - Pumpellyite 

D Greenschist, Chlorite zone 

~ Greenschist, Biotite zone 

Amphibolite 

Pigure 4. Age and Metamorphic Facies Distribution of Torlesse 
SUpergroup. Age data fran AIxlrews and others (1976) and 
Mackinnon (1983). Metamorphic facies and zones fran SUggate 
and others (1978). Chlorite and biotite zones are New 
Zealand terms referring to primary mineral canpcment in 
greensch1sts of increasing metamorphic grade. 
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than 50 Ma wi thin 15 km of the fault and less than 10 Ma wi thin 2-3 kin 

of the fault. Scholz and others (1979) argue this is evidence for 

15 

shear heating along the fault. Given the large amount of uplift that 

has occurred in the Southern Alps, these young ages and increasing 

metamorphism may simply reflect the uplift and exposure of progIessively 

deeper parts of the crust (C. Adams, 1981; Allis. 1981). C. Adams 

concludes that both shear heating and sub9tantial uplift have produced 

the faul bard younging of K-Ar ages. This is supported by the texture 

of myloni tea in the fault :r..one itself, which reflect a deep crustal 

origin (Sibson and others, 1981). To sane extent, then, the apparent 

bending of the schist contacts is a ftmction of uplift and depth of 

erosion rather than tectonic drag along the Alpine fault. Nonetheless, 

in a synthesis of structural data, Sparli (1979) shows sane rotation 

of structural fabric toward the Alpine fault, and he concludes that 

this is consistent with a1:xmt 40 km of drag parallel to the fault. 

Late Cenozoic Plate Motions and Lang-Period Plate-Boundary Rates 

The present-day boundary between the Australian and Pacific 

plates has passed through New Zealarxi (Figure 2) throughout the late 

Cenozoic. The major tectonic elements of this boundary are the Hiku

rang! Trough off the east coast of the North Island and the northeastern 

coast of the SOUth Island, the Puyseg\lr-Fiordland Trough off the south

western coast of the South Island, and the Alpine shear system which 

cormects them and continues sub-parallel to the Hikurangi margin into 

the northeastern North Island. The Alpine shear system in the South 

Island here is defined to include the main Alpine fault and associated 



minor structures in the Southem Alps and the faults and folds of 

Marlboro1.1Q.h and northern canterbury, including the Hairau, ANatere, 

Clarence, Hope, and Porters Pass faults (Figure 5). Other faults 

and folds, many active in the latest Quaternary (cf. Officers of the 

N~ Zealand Geological SUrvey, 1983) also are present in Marlborough 

and canterbury. Henceforth the term Marlborough will refer to the 

~.ntire region of the Alpine shear system north of the branching of 

the Hope fault; this incorporates portions of what properly should 

be called Nelson and north canterbury. 'l1le main faults continue into 

the North Island, where BaDe late Quaternary traces are mapped through 

the northeast interior of the island (Figure 2). 

Oceanic crust of the Pacific plate subducts beneath continental 

crust of the Australian plate along the Hikurang1 Trough, while the 

oblique caupouent of this convergence is taken up by lateral motion 

across the northem Alpine shear system. This partitioning of oblique 

plate convergence into subduction and strike-slip faulting on the 
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upper plate is relatively conmon, as noted by Fitch (1972). He sug

gests that sane or all of the lateral "'''qonent of oblique convergence 

is aco 'ii'M dated by vertical transcurrent or str1ke-slip faults as this 

slip is decaupled fran the subduction zone. SUch decoupling is recog

nized in .Java and sumatra, the Philippines, southwest .Japan, and Taiwan 

as well as in New Zealand (Fitch, 1972). Bibby (1981) recognizes parti

tioning of plate motion between the Alpine shear system all:! the Hiku

rangi Trough in northem Marlborough fran geodetic data. SUbduction 

along the Hikurangi Trough is terminated where the Chatham Rise--con

tinental crust of the·Pacific plate--collides with the Australian 



FAULT NAMES 
A Alpine 

W Waimea 

WS Wairau Section, Alpine 

Aw Awatere 

C Clarence 

K Kekerengu 

H Hope 
p 6 

Porters Pass -.!!-20 

~ 

4.0.-4 
170DE 

F1gure 5. Major Faults and Study S1 tea, Alpine Shear ~"Stem. 
Study s1 te numbers keyed to Table 3. li'owlers fault, not 
shcHl, is between Awatere and Clarence faults where 15 is 
written. 
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TABLE 1 

LIST OF FAULT S'lUDY SITES 

Fault Site # Site Name Kind of Features Grid Locations 

Alpine 1 Lake McKerrow moraine S105/976424 
2 Okuru River river terraces S87/795034 
3 Moeraki River moraine S87/115239 
4 Mahi tahi River river terraces S78/319386 
5 Wcmganui River moraines, valley S64/217020 

center 
6 Toaroha River river terraces S58/665333 
7 Maruia River river terraces S46/653000 

Wclirau 8 Matak1 taki River moraine, river ter. S33/914406 
Section 9 Lake Rotoiti moraines S33/215650 

10 Branch River river terraces S27/544815 
11 Waihopai River river terraces S28/052978 

Awatere 12 Saxton River river terraces 541/498304 
13 Grey River river terraces S35/888536 

Clarence 14 Edwards-waiau river terraces S47/002886 
Rivers and 025897 

15 Clarence River moraine, river ter. S47/165935 
Hope 16 Glyrm Wye Station moraine, river and S53/856690, 

stream terraces S54/927701 
17 Hope Springs river terraces S48/668919 

Eternal 
18 Hapuku River river terrace S49/974028 

Kekerengu 19 McLean Stream stream terraces S42/111294 
Porters 20 Red Lakes Stream stream terraces S74/105809 
Pass 

Note: Locations are according to the grid from NZMS 1 topographic maps, 
scale 1: 63 , 360 • 



plate south of Kaikoura. In this area the Alpine shear system becanes 

the platel:xrurdary . 
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The transition fran subduction to transcurrent motion may be 

marked by the intersection of the H1kurangi Trough and the fttlt:unau fault 

(carter and carter, 1982), which is postulated to link the southem 

terminus of the trough across through the Porters Pass fault (19hown in 

Figures 2 and 5) to the Alpine fault. The ftbtunau fault trend of 

carter and carter is not well marked by late Quateranry faulting along 

most of its length, although. an alignoent of active folds that follows 

this trend to the coast south of Kaikoura (3. Bradshaw, personal ccmnu

nication) may project into the offshore ftbtunau fault mapped by carter 

and Carter. Al though Bibby (1981) does not consider the fttltunau fault, 

he notes a change in azimuth of the Marlborough faults southwest of 

the termination of the subduction zone. This systematic change in 

faul t azimuth is seen for the Awatere, Clarence, and Hope-Kekerengu 

faul ts in Figure 5. Bibby argues that a change in. the nature of faul t

ing also must occur sout~t of the subduction zone termination, 

particularly on the Hope and Kekerengu faults, which are closest to, 

and presumably most intimately connected with, the subduction zone. 

The transi t10n from a platel:xrurdary canprising both a subduc

tion zane and the shear system to one 1nvoloving only the Alpine shear 

system as a transpressional l:xrurdary canb1n.1ng strike-slip or trans

current IJICJVeDel'lt and canpression clearly occurs at or south of the 

Hope fault. In either case, oblique convergence occurs across the 

Alpine fault, with continental crust on both plates. This persists 

W'ltil Australian oceanic crust is available to be subducted tmder 



New Zealand in the Fiordland Trough off Fiordland (Figure 2) (Davey 

and Sldth, 1983). 
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The oblique convergence across the South Island is a consequence 

of the late Cenozoic tectonic evolution of the southwest Pacific. 

Changing relative motion between the Australian and Pacific plates 

during the last 40 Ma, as recorded by the gradual southwestward shift 

in the rotation pole for this plate pair (Figure 6), has produced 

significant rotations in New Zealand (supported by the sparse paleanag

netic data available, such as Walcott and others, 1981) and changes in 

the character of the plate boundary. As canplled fran Weissel and 

others (1977), Walcott (1978, 1979, 1984), Cole and Lewis (1981), and 

Farrar and Dixon (1984), these changes principally involved the gradual 

increase in an oblique 0 6'qonent to the plate-boundary interactions. 

Fran about 40 Ma to 10-15 Ma the boundary was characterized by trans

current motion across the Alpine shear system. The 48o-km shift 

recorded by displaced geologic terranes across the Alpine fault (Figure 

3) is postulated to have begun during this period (eg. Wellman, 1964), 

although many geologists (SUggate, 1963; Suggate and others, 1978; 

SCholz and others, 1979) argue that a period of strike-slip motion in 

the late Mesozoic produced much of the total shift. By 10-15 Ma, sub

duction 1ni tiated at the Hikurangi Trough due to increasing convergence 

between the two plates, and oblique convergence began across the Alpine 

shear system. This oblique canponent increased with time as southwest

ward migration of the Australian-Pacific pole continued, producing 

increasingly rapid uplift of the Southern Alps and the Kaikoura Ranges 
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Figure 6. Late Cenozoic Rotation Poles and "Instantaneous" Vectors, 
Australian-Pacific Plate Pair. Migration of rotation pole fran 
ananaly 18 (45 Ma) to 5 (9 Ma) fran Halcott, 1984. Pole from Minster 
am Jordan (1978) (M1) produces vectors shown as solid lines; pole 
fran Chase (1978) (C) produces vectors shown as dashed lines. All 
rates in IIDD/yr. All latitudes in degIees south; negative 10D;1itudes 
are degrees west, positive longitudes are degrees east. 



in Marlborough, particularly in the last 2-3 Ma (Priestley and Davey, 

1983; ~cott, 1979; C. Adams, 1981). 

This evolution has produced the CXlIIIPlex plate bour¥Sary shcNl 
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in Figures 2 and 6. Its elements are well-described fran geophysical 

data. SUb-crustal eart:b:Juake foci clearly define the nor~t-dipping 

Benioff-wadati zone of the subducting Pacific plate (Figures 7 and 8). 

The shallow-d1pping subduction zone steepens sharplyalxnlt midway across 

the North Island and northem South Island (Adams and ware, 1977; 

Reyners, 1980). It abruptly terminates beneath the South IslarXl along a 

nortl'Mest-trerxiing line marked at the coast by the northem edge of the 

Chatham Rise (Arabasz and Robinson, 1976; Bibby, 1981). Similarly, the 

southeast-dipping Benioff-wadati zone beneath Fiordland is well-defined 

by sub-crustal seismicity (Figures 7 and 8). This subduction zone, 

formed as the continental Challenger Plateau moved north past Fiordland 

as a result of the transcurrent 0 "'pc.tent of the Australian-Pacific 

plate JOOtion (Davey and Smith, 1983), also is truncated where conti

nental crust of the Australian plate meets continental crust of the 

Pacific plate south of Milford Sot:ax:l (Smith and Davey, 1984). 

The three-dimensional shape of the Alpine fault and the motions 

across it also are largely determined by the oblique convergence occur

ring between the subduction zones. The dip of the Alpine fault and 

crustal structure beneath the Southem Alps are becan1ng increasingly 

well-wlderstood. Geologists generally have argued for a steeply-dipping 

(>70 0
) Alpine fault (Wellman, 1955; SUggate, 1963), but recent studies 

of mylonitic fabric indicate a fault zone dipping about 50 0 SE at depth 

(Sibson and others, 1981). 
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Figure 7. Intermediate-Depth Se1sm1city of New Zealand. 
Subcrustal (>33 Ian depth) earthquakes shcMn, and locations 
of cross-sections of Figure 8 are indicated. Note abrupt 
deepening of seismicity in western North Island and north
western South Islarrl due to steepening of subduction zone. 
Figure modified from Halcott, 1919. 
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Gravity data provide a means of defining general crustal struc

ture beneath the SOUthern Alps and other portioos of the Alpine shear 

system. Elongate strongly negative Bouguer and isostatic gravity 

a.nanalies approximately parallel the crest of the SOUthern Alps (Wood

ward, 1979). Woodward used these ~ies to infer a dip of 50° 

. to 70° for the Alpine fault zone at deep crustal levels. Allis (1981) 

notes that the ananalyaxis diverges eastward fran the trend of the 

Alpine fault south of Mt. Cook (shown in Figure 1). He suggests that 

this requires a shallower dip of <30° to the fault zone. Both workers 

note that a substantial crustal root, perhaps as great as 20 km, has 

developed beneath the SOUthern Alps. The total crustal shortenin;;J 

across the plate boundary in the SOUthern Alps is accoomodated in large 

part by this crustal root growth and by uplift of the Alps. 5-10 km 

of uplift in the last 10 Ma is postulated by C. Adams (1981). He con

cludes that most uplift has occurred in the last 2-5 Ma at maximum 

rates of 2-5 m/ka, accelerating to 7-14 m/ka in the last 700 ka, based 

on the thermal gradient inferred fran heat flow and distributions of 

schist belts and K-Ar ages. The total aJOO\mt of shortening ranges 

from 60 + 30 km near the south end of the major bend (henceforth called 

the Big Bend) in the Alpine fault to 90 ± 30 km near Fiordland (Allis, 

1984). From gravity modelling, Allis (1984) estimates that at Haast, 

near the southern end of the Alpine fault, 40% of this shortening 

is taken up by uplift and erosion of the mountains, while 60% is repre

sented by the thickened crustal root of the SOUthern Alps. At Franz 

Josef the values are 30% and 70%, respectively. 
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Reilly (in SUggate and others, 1918) shows an elongate Bouguer 

ananaly in Marlborough extending fran Cook Strut to the waiau River, 

am the axis is approximately parallel to the Awatere fault. No inter

pretive analyses have been published of these data, but the anaDaly 

probably represents crustal root developnent in Marlborough. '!'he 

portion of the Southem Alps fran about the Arthurs Pass area to the 

waiau River, which is the area of transition fran the Alpine fault 

to the Marlborough faults, is marked by a much less praninent gravity 

ananaly (Allis, 1981), and Allis (1984) interprets this to indicate 

that crustal root developnent at the Alpine fault bend is only 40% 

as great as that in the southem Southem Alps. 

The reasons for such substantial shortening, and the actXIf!£Rny

ing strike-slip to transpressive motion across the Alpine shear system, 

becane clear when the vectors of relative plate motion across this 

boundary are considered. Chase (1918) and Minster and .Jordan (1918) 

independently used ear~ slip vectors, magnetic anaDaly patterns 

for the last 3-5 Ma, and transform fault azimuths to canpute poles 

of rotation and angular velocities for the world's major plates. 

Their "instantaneous" poles of rotation, shown in Pigure 6 and listed 
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in Table 2, provide long-period plate-motion rates in the terms employed 

here, since several million years of data are averaged. Fran these 

poles, vectors of motion in the horizontal plane across the Alpine 

shear system are canputed and listed in Table 3. In the Marlborough 

region, northem South Island, average rates across the shear-subduction 

plate boundary are 8-13 rmn/yr horizontal shortening normal to the 

boundary and 40-50 rrm/yr right-lateral strike-slip parallel to it, with 



TABLE 2 

IIINSTANTANEOUSII POLES OF ROTATION FOR AUSTRALIAN-PACIFIC PLATES 

Source 

Chase, 1978 

Minster and Jordan, 1978: 
1. Global M:xiel 

2. Best-fit Angular 
Velocity Vectors 

Pole Location 

62. o.±l. 8 0 S, 
174.3±2.2°E 

6O.71±O.77°S, 
174. 21±1.83°E 

55.71±2.75°S, 
175.00±3.42°E 

TABLE 3 

Rotation Rate 

2.22x10-8rad/yr 

2. 17X10-8rad/yr 

LONG-PERIOD RATES OF r.DTION ACROSS THE ALPINE SHEAR SYS'l»1 
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Location Average SVstem Rates Across SVstem 
Vector Velocity Trend ~ 
~ mm/yr normal parallel 

Southern Alpine Fault S78°W 37-44 N58°E 13-15 35-41 
ca. 45°S 

Central Alpine Fault S85°W 40-46 N55°E 20-23 35-40 
ca. 43.5°S 

Marlborough S800W 41-51 N58°E 8-13 40-50 



the azimuth of the bcJumary defined by the average trend of the shear 

system. In the central Southem Alps these values are 19-23 rmn/yr 
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for bcJumary-normal and 33-39 r.m/yr for bcJumary-parallel. 'l'be relative 

plate motion also implies that vertical thickening, including crustal 

root growth and uplift, should occur at the plate bcJumary, but this 

o '''lonent will not be examined in detail. The long-period rates provide 

the basis for canparison with shorter-term data in Chapters 3 and 4. 

Faul ts of the Alpine Shear System 

Numerous faults and other structures with late Quaternary 

defomation canprise the Alpine shear system in the South Island. The 

Alpine fault begins offshore at the north end of the Fiordland Trough, 

approximately at the northem l1mi t of the cluster of subcrustal Fiord

land eartb:Juakes shown in Figure 8. The Alpine fault first appears 

onshore just north of Milford Sound (Figures 1 and 5) and continues 

northeastward near the west coast, forming the westem bcJumary of the 

Southem Alps. At about Hokitika the Hope fault branches out to the 

northeast; Freund (1971) argues that the faults do not actually join. 

Similarly, the Clarence and Awatere faults branch northeastward fran 

the main Alpine fault, although the Clarence fault begins saue 30 km 

east of the Alpine fault (Gregg, 1964). North of the Awatere fault the 

Alpine fault turns northward through its Big Bend, analogous to the Big 

Bend of the San Andreas fault (Scholz, 1977). It then turns eastward 

again to continue through the Wairau Valley along a segment of the 

faul t termed the Wairau fault or the Wairau section of the Alpine 

fault. About the same area where the east-northeast strike is resumed, 
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the Waimea taul t branches to the north. Many other shorter faults in 

the Southern Alps parallel portions of the Alpine am Hope faul ts ~ the 

most notable of these is the Porters Pass fault. Many short faults 

splay off of or connect the main faults in the Marlborough area (Lensen, 

1962 ~ Gregg, 1964). Finally, many active fold structures are recognized 

within the shear system, most notably a group of young anticlines mapped 

northeastward from the Porters Pass fault that are thought to repI eaent 

wrench tectonic structures (:1. Bradshaw am :1. campbell, personal CCIlIDU

nication) along the Motunau fault trend of carter am carter (1982). 

Al though an appreciable () '''ronent of the total deformation 

occurring across the Alpine shear system may be concentrated on the 

minor faults am the fold structures, it was not possible in the course 

of this study to examine all the active structures. Principal attention 

was directed at the main active faults. These are described, previous 

studies of latest Quaternary displacement are SUlllDarized, am study 

si tes (Table 1) are introduced in the following paragraphs. 

Alpine Fault. '!'he Alpine taul t forms a remarkable topographic 

lineament through Westland, clearly seen in satellite images (Figure 

9a) • Fran north of Milford Sound to Springs :Junction the fault is the 

west boundary of the Southem Alps, forming an impressive escarpDeJlt 

fran south of Haast to north of Hokitika. Yet in detail the 1arge-sca1e 

geaoorphic expxession of the fault is subdued (Figure 9b) through a 

region of high precipitation, dense vegetative cover, am rapid erosion. 

The general physiography of the Southem Alps is due to rapid 

uplift that may exceed 10 m/ka in the central Southem Alps (Wellman, 

1979) . :1. Adams (1979) attributes convex longitudinal profiles of 



t 
Figure ga. Landsat View of Alpine Fault. Snow-covered Southern 

Alps on southeast side of fault. Alluvial canterbury plain 
in upper right-hand corner of photograph. Rivers of Westland 
show as light patches amidst dark forests. 
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Figure 9b. Alpine Fault near Mahitahi River. Fault traces 
obscured by thick bush, but show as notches on skyline ridge. 
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terraces upstream of the Alpine fault drag along the Alpine fault. He 

argues that the uplift is only partly concentrated at the fault, with 

faul t drag accounting for as much as half of the total uplift. Field 

investigations of several of Adans' sites suggest, hc:Jwever, that the 

shapes of the longitudinal profiles are explainable rrt other processes, 

including local fan deposition, lamslips, and folds within the Alpine 

fault zone (Hawkes, 1981). Uplifted marine terrace remnants remain 

flat for several kilaneters east of the Alpine fault (W. Bull, personal 

canmunication), providing further evidence that uplift is centered 

.iJJmediately across the fau! t. At arrt rate, the differential vertical 

uplift across the fault is substantial: Bull and Cooper (in prep.) 

document differential vertical uplift rates across the fault ranging 

fran about 5 m/ka to 8 m/ka for the last 135 ka fran Haast to Hokitika, 

based on analyses of remnant uplifted marine terraces. The total 

uplift rates of 6-9 m/ka they obtain for the Southern Alps includes 

approximately 1 m/ka occurring west of the the Alpine fault. 

The rapid uplift rates have produced a steep, high asyDJDetrical 

JDO'W'ltain range. The crest of the range reaches elevations fran 2000 m 

to 3765 m at Mt. Cook. The main divide is little more than 15 kin east 

of the Westland coastal plain at Mt. Cook, so the west side of the 
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range is precipi taus. The east side of the Southen Alps is less steep 

and drained by numerous large, broad rivers. Ccmbined with the prevail

ing flow of cool moist air fran the Tasman Sea to the west this physio

graphic setting produces an extreme rainfall gradient across the South

ern Alps. Armual precipitation ranges fran about 2500 mm at the ocean 

to 4000-5000 nun at the Alpine fault to 15000 mm near the crest of the 



range in two transects analyzed by Griffiths and McSaveney (1983a). 

A major rain-shadow effect is present east of the main divide of the 

Southern Alps, with a rapid drop-off in armual precipitation to 1000 nun 

and less. 
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The steepness of the terrain, the extreme precipitation, and 

the erodibility of the easily weathered foliated schists combine to pro

duce extremely high discharges and sediment loads for streams draining 

out of the Southern Alps. J. Adams (198oa) estimates that West Coast 

rivers carry sediment equivalent to an armual erosion rate exceeding 

10,000 tonne/km2 , resulting in a regional denudation rate of 4 nun/yr. 

He argues that the total denudation rate of the Southern Alps may be as 

great as 10 nun/yr at present, when the sediment loads of the large east

draining rivers are combined with the West Coast data. Individual 

streams may b2.ve average annual sediment yields of 30,000 tonne/1on2 

or more (Griffiths and McSaveney, 1983b), corresponding to denudation 

rates of 11-13 mm/yr. 

High discharges and the extreme frequency of large flow events, 

high sediment yield, and the abrupt transition from L~row mountain 

canyons to broad coastal plains at the Alpine fault combine to remove 

most late Quaternary stream and glacial deposits at and immediately 

downstream of the Alpine fault. Accordingly, few geomorphic surfaces 

or reference lines are preserved to record late Quaternary activity, 

particularly lateral displacements, of the fault. Wellman (1953) 

records a number of displacements of valley centers across the Alpine 

faul t, but records few clear late Quaternary displacements. Indeed, 

many New Zealand geologists (eg. SUggate and others, 1978; Wood, 1984) 



argue that late Quaternary strike-slip faulting may be insignificant 

along the central Alpine fault between Haast and Hold tika. Numerous 

si tes of late Quaternary strike-slip faulting on the Alpine fault 

fran the Hokitika area nortmerd are described by Berryman (1975). 
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He also descibes a site of latest Quaternary faulting at Okuru River, 

just south of Haast. Recent studies at Lake McKerrcM near the southern

JOOSt onshore extent of the fault indicate late Quaternary lateral-slip 

rates of 19-25 rmn/yr (Hull and Berryman, in press). No sites of latest 

Quaternary lateral displacement are recognized between Haast and Hold.

tika by most workers. However:1 • .Adams (l980b) argues that both lateral 

faul tiD1 and uplift characterize recent ruptures along the entire 

Alpine fault. He cites evidence of upthrown late Holocene terraces 

along this central Alpine fault, but direct evidence of lateral faulting 

is lacking in the literature. 

This discussion thus far has considered only those portions 

of the Alpine fault south of the Big Bend. The geaoorphic expression 

of the fault through the berxi is less pronounced. Here the fault 

attains higher topographic positions than in the northeast-trendiD1 

portions, analogous to the higher topography along the San Andreas 

fault in the Transverse Ranges of southem California. 

In the central part of the bern the fault parallels the Glenroy 

River for sane 16 km; :1. campbell (personal cammmication) suggests 

that the fault has deflected the river by this 15 lone Little other 

evidence for lateral displacements has been cited, although Wellman 

(1952) describes offset terraces at the Maruia River just south of the 



bend and Berryman (1915) describes offsets of a lateral moraine and 

yowlg stream terraces at the Matakitaki River just north of the bend. 

Study si tee along the Alpine fault (Figure 5: Table 1) include 

M:>eraki River, Mahitahi River, wanganui River, Toaroha River, and 

Maroia River. Published data were used fran the Lake McKerrow area 

and Okuru River. The ftD!raki River site is discussed in Chapter 2 

and the other sites are described in AppeOOix A. 

The Marlborcruqh Faults. Marlborough canprises a group of 

faul t-bounded mountain ranges, the JOOSt praninent of which are the 

Inland Kaikoura Range and the Seaward Kaikoura Range. The four main 

faul ts-the wairau section of the Alpine fault, the Awatere fault, the 

Clarence fault, and the Hope fault-generallyoccupy fault-amtrolled 

valleys through JOOSt of Marlborough and they form praninent lineaments 

on Landsat images (Figure 10). These four faults and b«l other faults 

in Marlborough-the Kekerengu and Fowlers faults--are discussed in the 

following paragraphs. sene other faults of the Alpine shear system 

also are considered for canpleteness. 
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wairau Section, Alpine Fault. '!he wairau section of the Alpine 

fault is here defined to include the entire Alpine fault northeast of 

the B1g Bend. The segment fran Matakitaki River to Lake Roto1ti remains 

in mountainous terrain like the fault bend. This segment also has a 

more northerly strike than the remainder of the Wairau section. A 

sequence of late Quaternary glacial rooraines is displaced at Lake 

Rotoi ti (Adamson, 1964) and post-glacial alluvial fans and channels 

preserve lateral displacements of 10-100 m between Rotoiti and the 

head of the Wairau Valley (Wood, 1984). The fault trace through the 



Figure 10. Landsat View of Marlborough Region. OVerlay shows 
faul ts, most of which are prominent lineaments on image. 
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wairau Valley is clearly marked by low scarps, displaced geaoorphic 

reference linea, and local graben and horst structures (Lensen, 1976), 

but the geaoorphic expression both of the fault and of the DWJWltains 

bordering the wairau Valley is much JOOre subdued than that of the 

other Marlborough faults or the main Alpine (lI'igure 11). 

Lensen (1976) has mawed the fault in detail in the Wairau 

Valley. His mapping shows numerous lateral changes in the aux:nmt and 

even sense of uplift across the fault as interpreted fran fault scarps. 

r..ensen (1968) described a sequence of faulted stream terraces at Branch 

River, where he argues for a t1me-dependent change in direction of 

upthrow acrost~ the wairau section. Berryman (1979) shows a 3- to 

lo-fold increalSe in the ratio of lateral to vertical displacement 

along the wairau section as c:anpared to the main Alpine fault. This 

increase in lateral displacement relative to vertical displacement 

may reflect the smaller azimuthal difference between fault strike 
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and the regional vector of relative plate JOOtion for the wairau section, 

particularly in the Wairau Valley, cnnpared to the main Alpine fault. 

Al ternatively, this may reflect the accamrdation of plate covergence 

at the subduction zone in northem Marlborough, as the northeastem 

half of the wairau segment overlies the southem end of the subduction 

zone (cf. Figures 2 and 5: Bibby, 1981). 

Four sites were examined along the wairau segment: Mataki taki 

River, Lake Rotoiti, Branch River, and waihopai River. The Branch 

River site is discussed in detail in Chapter 2 and the other sites 

are described in Appendix A. 



Figure 11. wairau Section, Alpine Fault, near Branch River. 
View north-westward across wairau Valley, showing subdued 
topography of mountains south of the fault. Contrast with 
front of Seawa.-r:'d f'.ail'..cura Range, Figure 14c. 
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Awatere fault. Unlike the Alpine fault, which separates dif

ferent tectonic terranes along its entire length (Figure 3), the ANatere 

and the other faults of the Alpine shear system are located wi thin the 

Torlesse SUpergroup and its metaJOOrphosed equivalent through JOOSt of 

their l~. Lensen (1962) and Suggate and others (1978) have argued 

that there is little total displacement across these other faults. 

However, recent mapping by Andrews and others (1916), Bradshaw and 

others (1981), and .1olmstan (in press) indicates that rocks of the Esk 

Head Melange, a north-trending fault-bounded block within the Torlesse, 

must be displaced sane 80 km across the Hope, Clarence, Awatere, and 

related faults (Figure 4). Thus these faults have been important 

branches of the Alpine shear system over longer geologic time than 

the latest Quaternary. 

The Awatere fault forms the northern boundary of the Inland 

Kaikoura Range and is follQ\1ed by the Awatere River along the north

eastern two-thirds of its length. Along most of this valley, Tertiary 

deposits are caught in a wedge within the Awatere fault zone (Lensen, 

1962, 1964b), and the river has dawncut through these less resistant 

deposits. The latest Quaternary active trace of the Awatere fault 

is located on the north side of the valley, and an antislope scarp 

(upslope-facing scarp) canoonly is preserved (Figure 12a). The Awatere 

River preserves an excellent set of post-glacial river terraces, but 

these are not crossed by the fault. Only a few of the streams draining 

into the Awatere Valley fran the north preserve terrace sequences. 

West of the head of the Awatere Valley stream terrace sequences 

crossed by the fault are preserved along several tributaries of the 



Figure 12. Awatere Fault Views. 
a. Grey River Site. View northeastward fram above west bank of 

Grey River. Note antislope scarp on skyline. 
b. Awatere Fault and Mountain Front Between Saxton and Severn 

Rivers. Note offset streams and steep mountain front. View 
north across fault. 
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Awatere River. These include the Acheron, saxton, Sevem, and waiau 

Rivers. A well-developed fault-line scarp between the Acheron and 

Sevem Rivers displays offset fans and numerous springs (Figure 12b). 

Farther west the fault is traced into the Spenser Mountains and the 

Southem Alps by an alignment of passes and saddles in the JOOWltains 

and fault scarps in the alluviated valleys. 

A large ~ in 1848 may have been accaupanied by SI..!!'f:::are 

rupture along the Awatere fault. McKay (1892) reported that "rents" 

or fractures along the Awatere fault may have been caused by this 

earthquake. Lensen (1973) uses these data, other contemporary reports, 

and field mapping to conclude that more than 100 km of the fault rtlIr 

tured during this event. He argues that a 6 m dextral displacement 

of an abandoned chamel at saxton River occurred. at this time. Eiby 
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( 1980) argues that Ql'OUIXl failure in the lower wairau Valley and the 

distribution of the limited intensity data indicate that the earth

quake actually was centered near Blenheim and was not related to the 

Awatere fault. Contemporary descriptions of the wairau Valley fractures 

near Blenheim indicate these features most probably were liquefaction 

or ground-failure phenanena, however, and do not necessarily give 

insight into the location of the epicenter. The geanorphic evidence 

of primary rupture along the Awatere fault seems more clear-cut. 

Two sites-Saxton River and Grey River--were studied along 

the Awatere fault. The Saxton River site is discussed in Chapter 2 

and the Grey River site is described in Appendix A. 

Clarence Fault. The Clarence fault separates the Inland and 

Seaward Kaikoura Ranges and is followed by the Clarence River along the 



northeastem half of its length. Like the Awatere River, the Clarence 

River is cut into Tertiary sediments caught in a wedge along the 

Clarence fault, and the latest Quaternary active fault trace is above 

the north side of the valley. The fault trace forms a pran.inent break 

in slope, but only a few laterally-displaced features are preserved 

on the steep hillslopes or in intervening gullies and canyons along 

the northeastem portion of the fault (Figure 13a). 

The central section of the Clarence fault was mapped in detail 

by Kieckhefer (1979). Here the fault splays into two main traces with 

the Elliott fault branching off to the south and rejoining the Clarence 

fault near St • .James Station (at the Clarence River site, Figure 5). 

The elliptical fault-1:xrur¥:Ied block between the Clarence am Elliott 

faults, with a major axis of 60 kin, is the largest barst preserved 

along the fault (Kieckhefer, 1919). SUch features are termed pressure 

ridges when they occur on scales of tens to l'nu¥ireds of meters, and 

these are found at many locations along the Clarence fault. Also rela

tively ccmnon are sag ponds and offset geaoorphic features (Figure 13b). 

West of the convergence of the Clarence and Elliott faults the 

Clarence fault continues to be marked by fault-line valleys. The fault 

appears to die out as it approaches the main Southem Alps, am an 

en echelon fault trace north of the termination of the Clarence (the 

Ahaura fault of Gregg, 1964) is not known to have late Quaternary 

displacement (Officers of the New zealand Geological SUrvey, 1983). 

Two sites along the Clarence fault were studied--the canbined 

waiau-Edwards Rivers site and Clarence River. Both sites are located 

along the westem third of the fault. An add! tional site was sought on 
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Figure 13. Clarence Fault Views. 
a. East Clarence Fault from Air. Steeply-dipping Tertiary 

deposits eroded by Clarence River, and Clarence fault forms 
a prominent break in slope. 
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b. Clarence River Site, East Bank. Faulted and unfaulted terraces 
visible in photo. View northward. 
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the northeastem section of the fau! t, but the lack of latest Quaternary 

depoei ts preserved in the steep, narrow canyons that cross the fau! t 

and the apparent small lateral displacement made this area unsuitable 

for study. 

Hope Fault. The Hope fault is the southernmost of the Marl

borough fau! ts and is the southernJJK)St through-going fault of the 

Alpine shear system. Freund (1971) ~ the late Quaternary traces 

of the fault in sane detail fran aerial photographs and he and Clayton 

( 1966) particula:'ly noted the well-developed pull-apart basins preserved 

at local and regional bends in the fault. The JOOSt dramatic of these 

basins is the Hanmer Plain, although features such as the Glynn Wye 

graben (Figure 14a,b) also are spectacular. 

The eastem third of the Hope fault is a rcmge-bcJurding fault 

that bounds the spectacular front of Mt. Fyffe and the Seaward Ka.ikcrura 

Range locxning over the Kaikoura Plain (Figure 14c). In this area, 

the Kekerengu fault branches northeastward fran the Hope fault. West 

of the Kaikoura Plain the Hope fault foms the northem txnmdary of 

a strongly deformed belt sane 3 to 5 km in width. Throughout this 

segment the fault consistently is upthrown to the mrtheast. Studies 

of remnant marine terraces by Bull (in press; also unpublished data) 

indicate that dlfferential vertical uplift rates across the eastem 

Hope fault have averaged 2--3 m/ka over the last 300 ka. 

The Hope fault foms the southem txnmdary of the Hanmer Plain 

then contirrues westward to the Alpine fault marked by a series of 

fault-line valleys. Numerous sag ponds, fault scarps, and aligned 



Figure 14. Hope Fault Views. 
a. Glynn Wye Graben. View eastward down Hope River Valley, 

showing fault traces and Hope River Bridge Landslide. 
b. Glynn Wye Graben. View north showing lateral displacement 

of Riser 1. 
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Figure 14. Hope Fault Views. 
c. Kaikoura Plain from Air. Steep mountain front of the 

Seaward Kaikoura Range is formed by Hope fault I with 
Kekerengu fault forming additional internal mountain 
front behind the first ridge. 

46 



geanorphic features mark those portions of the fault not eroded by 

active river floodplains. 
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Along this portion of the fault, an earthquake in 1888 was 

accanpanied by surface rupture along at least 50 kin of the Hope fault 

fran the Hanmer Plain to Glyrm Wye (Lensen, in SUggate and others, 1978; 

Berryman, 1984), although Kieckhefer (1979) suggests that rupture 

may have extended eastward all the way to Kaikoura. The recognition 

by AlexalXler McKay (1890) of strike-slip displacements during this 

event, as indicated by offset fencelines at Glyrm Wye Station, may 

well have been the first reported observation of lateral fault displace

ment in the 'MJrld. Felt reports fran Kaikoura, SlDIIDarized by M::Kay 

( 1890), are consistent with a large aftershock or a second mainshock 

having occurred along the eastern end of the Hope fault. Observations 

of displacements of very young geaoorphic features were made by Bull 

and Knuepfer (unpublished data) at several sites along the eastern 

section of the Hope fault, and these are consistent with 1888 displace

ments. Thus, a substantial portion of the Hope fault, up to 150 lon, 

may have ruptured during one or more events in 1888. 

Two sites along the Hope fault were studied in detail-Glyrm 

Wye Station and Charwell River-Hope Springs Eternal. several other 

sites also were investigated in reconnaissance, including Mason River 

(by Knuepfer) and HapJku River (by Bull and Knuepfer); only sane data 

fran Hapuku are used here. The Hope Springs Eternal site is discussed 

in detail in Chapter 2 and Glyrm Wye and Hapuku River are described 

1n~A. 



Kekerengu Fault. The Kekerengu fault branches northeastward 

fran the Hope fault a few ldlaneters west of the Kaikoura Plain. 

OVer the western two-thirds of its length the fau! t is marked by a 

praninent internal mountain front wi thin the Seaward Kaikoura Range 

that preserves aligned and offset geaoorphic features (Figure 15). 

Although this portion of the fault is not shown on published maps 

as havJn] latest Quaternary displacement (Officers of the N.Z. Geologi

cal SUrvey, 1983), results of aerial reconna1ssance by Bull (personal 

camrunication) irxiicate that the geaoorphic characteristics of the 

mountain front, including its linearity, the V-shapedness of valleys, 

and deflected gullies and canyons, are consistent with young activity. 

Across this section of the fault, Bull (unpublished data) suggests 

differential vertical uplift rates of 1.5 to 2 m/ka during the last 

300 ka, based on studies of inferred remnant marine terraces. 

The northeastem third of the Kekerengu fault traverses an 
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area of sanewbat lower relief. A 12-km-long section of the Clarence 

River flows southwestward parallel to the fault. This right-lateral jog 

in the river course may have been produced by DXM!meIlt along the Keke

rengu fault. The fault continues northeastward to the coast, separating 

Cretaceous fran Tertiary rocks south of the Kekerengu River and being 

canpletely within Tertiary rocks fran there to the coast (Lensen, 

1962). Displacements of young river terraces are preserved at the 

Kekerengu River, but the lateral \Xibpauent of movement .is unclear 

due to difficulty in matching terraces across the fault. 

One site was studied along the Kekerengu fault. Along the 

Clarence River segment of the fault, several small streams drain into 



Figure 15. Kekerengu Fault from Air. View northeast along 
faul t toward Clarence River, showing prominent internal 
mountain front formed along fault. 
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the Clarence from the north, crossing the fault. At least one of 

these, McLean Stream, preserves a sequence of faulted stream terraces, 

described in Appendix A. 
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Faders Fault. The Fowlers fault is a 22-km-long fault parallel 

to, and about m.1dHay between, the Awatere am Clarence faults near Lake 

Tennyson (Figure 5). Like the other Marlborough faults, it trends 

northeast and preserves evidence of both di~lip and str1ke-slip 

displacements. The fault was mapped in detail by Kieck:hefer (1979), 

who documents scarps and offset stream charmels and spur ridges along 

the fault. Total post-glacial right-lateral displacement reportedly 

is 23-27 m (Kieckhefer, 1979). 

The Fowlers fault CI'09ses terraces of the Clarence River between 

St . .James Station and Lake Termyson. Although a graben and a set 

of fault scarps are preserved here, no lateral offsets were recognized 

by Kieckhefer or during a reconnaissance visit. This evidence, canbined 

with Kieckhefer's mapping and the lack of continuity of the fault, 

suggests that this fault is a second-order feature, and it will not 

be discussed in arrf further detail. 

Other Faults of the Alpine Shear System. In addition to the 

main Alpine fault and the principal Marlborough faults, other faults 

north and south of Marlborough have contributed to the total latest 

Quaternary displacement across the Alpine shear system. 'l\t«) of these, 

the Waimea fault north of the wairau Valley and the Porters Pass fault 

southwest of the Hope fault (Figure 5), were examined in reconnais

sance. The Motunau fault is mapped by carter and carter (1982) as 

the offshore southem boundary of the Alpine shear system, but it 



was impossible to examine this fault. The Porters Pass fault may 

be an onshore extension of this fault, however, so all faults of the 

shear system have been examined, at least in part. other faults north

west of the Alpine shear system, including the north-trending White 

Creek fault which ruptured in 1929, are not considered part of the 

Alpine shear system in this study, as they are left-reverse slip faults 

that may be responding to a different stress regime. 
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Waimea Fault. The Waimea fault exterds north-northeast fran the 

Alpine fault near Lake Rotoi ti, then turns northeastward to extend past 

Nelson (Figure 5). The fault generally forms the nortl1westem bc:nlmary 

of the Nelson pJrtion of the Hokonui Assemblage that has been displaced 

fran Fiordland along the Alpine fault. It is marked by a IOOCierately 

well-developed fault-line scarp along much of its length. 

Latest Quaternary displacements along the fault have not been 

mapped in detail. Post"'iJ1acial displacements may not exceed 20 m 

right-lateral. Berryman (1979) indicates four localities of nearly 

equal lateral and vertical displacements of stream channels of unlalown 

age, while .Johnston (in Wood, 1984) reports 20 m lateral and 2 m ver

tical displacement of stream terraces near the junction with the Alpine 

fault. A recormaissance study of the fault at the Waf-iti River indi

cates a canplex fault zone displacing young stream terraces with off

sets about one-quarter those of .Jolmston IS site. Like the Fowlers 

fault, the Waimea fault appears to be a second-order feature for late 

Quaternary displacement across the Alpine shear system. It is not 

discussed in awf further detail. 
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Porters Pass Fault. The Porters Pass fault is thought by salle 

New Zealand earth scientists to form the southem boln'dary of the Alpine 

shear system in Marlborough, either as part of the fwbtunau fault of 

carter and carter (1982) or as part of an \.D'll1aDIed wrench zone of faults 

and active anticlines (3. Bradshaw, 3. campbell, pe~ camrunica

tions). The mapped fault zone is 33 kin long and preserves evidence of 

late Quaternary displacements along most of its length (Gregg, 1964; 

3. campbell, G. Howard, I. Whitehouse, personal cxmmmications). The 

fault zone lies entirely within Torlesse graywacke of Triassic age. 

The fault zone largely occupies hillside positions, where 

a narrow trench with ponded alluvium, sag p:mds, antislope scarps, 

and numerous offset gullies mark various traces (Figure 16). In many 

areas the zone comprises several active traces and is locally two or 

more kilaneters in width. One fault trace is exposed in a readcut at 

the crest of Porters Pass, where a sequence of buried soils is faulted 

against crushed graywacke. Dating of the charcoal-rich paleosols 

should yield data on recurrence of fault ruptures at the site. 

Reconnaissance studies of the fault focused on the area between 

Lake Lyndon and Lake Coleridge, at the suggestion of G. Howard and 

3. Campbell of the University of Canterbury. A sequence of displaced 

stream terraces was studied at Red Lakes Stream about 3 kin east of 

Lake Coleridge. This site is described in more detail in Appendix A. 

Seismic Activity of the Alpine Shear System 

Crustal seismicity of the Marlborough region exhibits several 

unusual characteristics. Epicenters of shallow crustal ear1h;[uakes 



Figure 16. Porters Pass E'aul t Scarp near Lake Lyndon. Ant is lope 
scarp, typical of Porters Pass fault, west of Lake Lyndon. 
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are diffuse throughout the area (Figure 17), with no apparent conoen

tration along the major faults. By contrast, the largest earthquakes 

can be readily correlated to surface faults and perhaps the subduction 

zone (Figure 18): this is particularly true of the instrumentally

located events. 

Another very interesting aspect of the seismic record in Marl

borough is the change in seismic behavior with depth in the crust 

(Arabasz and Robinson, 1976). Microearthquake studies reveal that 

crustal seismicity deeper than about 20 Ian tl"el'ds obliquely to the 

surface structural grain with a predaninance of normal-faulting focal 

mechanisms, whereas shallow seismicity reflects strike-slip faulting 

in the upper crust (Figure 19). A similar pattern is recognized in the 

southem North Island (Arabasz and I.DNry, 1980: Robinson, 1978). This 

pattern of activity is interpreted to indicate a dependence of lower 

crustal stl eases on the shallow-dipping subduction zone between the 

Australian and Pacific plates (Arabasz and Robinson, 1976). In the 

southem North Island, these deeper events may be ocurring within the 

subiucting plate (Kaya!, 1984: Reyners, 1980). In Marlborough earth

quakes deeper than 38 Ian probably are occurring within the subducting 

plate, while the shallower extensional events probably are occurring 

wi thin continental crust of the Australian plate, the stress regime 

of which is coupled to the subduction zone. The stri.ke-slip faulting 

of Marlborough thus appears to be restricted to upper crustal levels. 

The central Alpine fau! t is marked by its lack of historical 

seismicity, both in major earthquakes and in microseismicity (Evison, 

1971: Scholz and others, 1973; Rynn and Scholz, 1978), Indeed, most of 
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Figure 17. Epicenters of Shallow Crustal larthquakes, Northem 
South Islam. Data fran Geophysics Division, Deparbnent of 
Science and Industrial Research. No magnitude distinctions 
made. These epicenters cc:qn:oise data set 1 used in seismic 
moment rate calculations. 
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Figure 18. Major Historical Eartb:;(uakes, South Island. After 
Smith and Berryman, 1983. Location of 1848 eart:b:luake based 
on isoseismal analysis by Eiby, 1978, although Awatere fault 
may have been source. 
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Figure 19. Depth-Dapencient Focal Mechanisms, Marlborough. 
Lower hemiS);ll'wre projections, ocmpressive quadrants black. Note 
change in mechanism for deep crustal (28-34 Ion) earthquakes. These 
are canposite solutions of microearthquakes studied by Arabasz 
and Robinson, 1976; figure modified fran their paper. 
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the microseismicity recorded by Scholz and others (1973) and Rynn 

and Scholz (1978) occurred in northeast-trending belts parallel to, 

58 

but east of, the Alpine fault. 'lhus the record of historical seismicity 

irxiicates little activity along the Alpine fault. Sane seismologists, 

notably Evison, have used this observation as evidence that the central 

Alpine fault is inactive. In contrast, J. Adams (1980) presents evi

dence that major earthquakes have produced rupture along the entire 

main Alpine fault south of the Big Bend every ,500 yr for the last 

1500 yr. The problem of Alpine fault tectonism is considered in IOOre 

detail later in the text. 



CHAPI'ER 2 

TECTONIC GECM:lRPHOLOOY OF THE ALPINE SHEAR SYSTEM 

Tectonic geanorphology is the study of the effects of tectonic 

activity on the evolution of landscapes. It involves the recognition of 

how certain characteristics of landforms are affected by different kinds 

and degrees of tectonic activity. For ~le, uplift across active 

faults or folds changes the local base level that controls a stream 

grade. This affects the rate of stream downcutting and the shapes of 

beth longitudinal and cross-valley profiles as the stream attempts to 

adjust its hydrologic parameters to the changing elevation in its 

upstream or downstream reaches. Similarly, the offsetting of a stream 

by strike-slip faulting will increase the length of the channel, produc

ing a local rise in base level, which tends to trigger a pulse of 

upstream sedimentation. The degree of effectiveness of tectonic activ

ity in altering streams and other landforms is a function of the amount 

and temporal persistence of tectonism, hydrologic parameters of the 

drainage basin, and geology of the region. By recognizing how tectonism 

affects landscapes, it then becomes possible to use landscape elements 

to define rates and/or recency of tectonic activity. 

The approaches of tectonic geomorphology lend themselves ideally 

to the study of intermediate-period motions of plate-boundary fault 

systems. Landscape evolution proceeds at many time scales, from short

period to long-period. However, changes in many elements of stream 
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systems, such as entrenclunent of alluvial fans, removal of stream ter

races, and changes from V-shaped to U-shaped valleys, proceed over 

time periods of 103 to 105 years (Bull, in prep.) . 
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The geomorphic reference features that evolve or persist over 

intermediate time periods are the basic data utilized in this study. 

These features include surfaces such as alluvial fans, glacial moraines, 

stream or marine terraces, lake shorelines, and landslides, and refer

ence lines such as fluvial channels, terrace risers, shoreline angles I 

moraine crests, and the medial radial lines of fans. 

To utilize these reference features in studies of faults it is 

necessary to follCM several steps. First, models of how the reference 

features are formed and are affected by the kinds of faulting under 

investigation must be formulated so that a framework is established for 

the understanding of field relationships. Second, reference features 

must be correlated across the fault so that displacement measurements 

can be made. Finally, ages of the displaced features must be determined 

or estimated. This chapter addresses each of these steps in turn. 

Geomorphic Models 

The principal geomorphic reference surfaces used in this study 

are stream terraces and glacial moraines. Before displacements of 

such features can be discussed specifically, it is necessary to develop 

an understanding of how these features form and how their formation 

and/or preservation are affected by the kinds of tectonism that charac

terize the Alpine shear system. 



Glacial Moraines 

Glaciers occupied the valleys of the Southern Alps during 

Pleistocene glacial advances, and in South Westland they advanced 
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to the px8sent shoreline and beyond during at least the most recent 

glaciation (the Otiran in New Zealand; SUggate, 1965; Suggate and 

others, 1978). Glaciers may have occupied sane p::>rtions of the Kaikoura 

Ranges, but no evidence of extensive late Pleistocene glaciation is 

preserved (SUggate, 1965). These glaciers were all valley glaciers, 

and their retreat left behind typical glacial dep::>si tiona! and erosional 

landforms. Of particular interest to this study is the deposi ton 

of end moraines by these valley glaciers. 

General Processes of Formation of End Moraines. As SUJDDarized 

by Ritter (1978), end moraines inclu:ie lateral moraines deposited at or 

near the side margins of a valley glacier, terminal moraines deposited 

at the farthest advance of a glacier, and recessional moraines formed at 

the glacier front during temporary halts or at the culmination of brief 

readvances during overall glacier retreat. Other kinds of moraines, 

such as grOW'ld and medial moraines, cOllfOOllly are formed by glaciers, but 

only the three types listed above are of importance to the present study 

as marker features at faul t-study s1 tes. End moraines form because 

ablation (mel Ung and sublimation) of ice at glacial margins leaves a 

dep::>sit of the debris carried below, within, and on top of the glacier. 

The shapes of end moraines ideally are narrow ridges, with 

symmetrical sides standing approximately at the angle of repose of the 

deposited glacial till. SUch a shape really is developed only after 

glacial retreat, and the shape typically is far more complex, with 
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multiple morainal ridges. The depositional shape of en:i moraines 

depends directly on physical parameters of the glacier including its 

thickness and volume of ice, the amount of debris transported by the 

glacier, and its mass balance, which is the additions of ice, SI'lCM, and 

water to the glacier from precipitation and avalanches balanced against 

the losses from melting, evaporation, wind erosion, sublimation, and 

calving into adjacent txxiies of water. The amount and location of melt

water at the glacial margins also affects the shapes of moraines. 

The age of the farthest terminal moraine is equivalent to 

the time of maximum glacial advance, at least for the youngest advances

of a glacier. Gibbons and others (1984) have recently pointed out that 

it is improbable that all major advances of a glacier will be pre

served. 'l11.is generally is not a serious problem for the present study, 

as only the youngest advances are of concern, but this observation 

severely limits the certainty with which glacial sequences can be 

correlated from one valley to the next. 

The age of lateral moraines is not necessarily equivalent 

to the time of maximum glacial advance. Unlike the terminal moraine, 

the lateral moraines of a glacier may receive relatively constant 

additions of debris during glacier advance, still-stands, and retreat. 

So the age of portions of a lateral moraine, and its deposits, may 

be less than that of the associated terminal moraine. 

Late Otiran Advances in New Zealand. The Otiran glaciation 

in New Zealand generally is considered to have persisted fran 15 ka 

to 14 ka (Burrows, 1919). However, sane 'W'lCertainty exists concerning 

the timing of the latest glaCial events. The ages of these events are 



important to the present study in assigning ages to both displaced 

glacial moraines and aggradational surfaces and calibration sites. 
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Suggate (1965) established a chronology for late Otiran glacial 

advances based on extensive mapping in the north-central South Island. 

He assigned an age of 18 lea to the most praninent of the late advances 

(SUggate and M:>ar, 1970), which will be called the late Otiran 1 advance 

here, and an age of 14 ka to a later advance (here called the late 

Otiran 2 advance) that was less extensive than the earlier advance at 

most sites studied by Suggate. At sane locations he recognized two 

individual advances within this 14 ka event. The ages were based 

principally on studies of glacial outwash depoei ts fran a few river 

systems in North Westland and then were correlated by SUggate (1965) 

to other, poorly dated glacial sequences elsewhere in the South Island. 

Sane conflicting ages are obtained fran other river systems 

in the northern and central South Island. In the Glynn Wye-Hope River 

area, foreset lake beds have been dated at 13309 ± 203 yr b.p. (Clayton, 

1968) . He interpreted these depoei ts as resulting fran ponding by 

stagnant ice, not an active glacier. However, the projected lake 

level that would have had to exist during deposition of these deposits 

is at the elevation of terminal moraines at Glynn Wye. SO this lake 

may have been ponded by a major glacial advance that persisted beyond 

14 ka. Corroborative evidence is supplied by aggradation deposits 

downstream of the Glynn Wye moraines that Suggate (1965) dated at 

14100 ± 220 yr b.p. These lines of evidence are consistent either 

wi th a much younger culmination of late Otiran 1 than 18 ka or with 

an assignment of the final Glynn Wye advance to the late Otiran 2. 



Mabin (1983a, 1983b) presents evidence of a culminating late Otiran 

advance less than 14800 ± 230 yr b.p. in the Maroia River. Burrows 

(1983) gives a minimwn age of 13750 ± 200 yr b.p. for an advance near 

the Waimakiriri River that may correlate to either the late Otiran 1 
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or late Otiran 2 advance. Soons (personal ccmmmication) and Whitehouse 

and others (in press) report dates arcnmd 12 lea for the final late 

otiran 2 advance. Mabin (1983b) also suggests that the late Otiran 

2 advance in the Maroia Valley culminated about 13 lea to 12.5 ka. 

Several possible reasons exist for this profusion and confusion 

of ages. First, most of the dates have been obtained fran within 

glacial outwash deposits. The timing between glacial retreat and 

cessation of outwash deposition may be highly variable, both downstream 

for one river and from river to river, so dates fram outwash may not 

date glacial advances. Furthermore, dates from the outwash gravels 

often have been taken from 20 m or more below the terrace surface 

(including sane dates used by SUggate to define his 14 ka end of glacia

tion), so the aJOOUIlt of time elapsed between the radiocarbon-dated 

layer and the cessation of outwash aggradation is unlalown. SecoD:l, 

glacial retreat may not have been synchronous throughout the South 

Island. Younger dates for glacial retreat generally have been obtained 

fran the east side of the Southern Alps, older dates fran North West

land. Third, the profusion and confusion of names assigned to late 

otiran glacial deposits hampers the clarification of the chronology. 

Mapping of each drainage basin in the South Island produces new names 

for the late Otiran advances, despite the efforts of SUggate (1965) 

to unify terminology. 



The timing of the principal late Otiran glacial advance and 

corresponding aggradation is important for assigning ages to several 

s1 tes used in relative-absolute dating. The bulk of the currently 

available evidence suggests a revised chronology of latest Quatema:ry 

events as follCMS. The most extensive late Otiran advance probably had 

a range of ages of 18 to 14 ka. Fast of the Southem Alps, available 

dates suggest that the advance was at the younger end of this range. 

For simplicity, advances correlated to this stage will be assigned an 

age of 16 ± 2 ka if no other age control is available. Although this 

assigrunent violates the recognition that the culmination of glaciation 

probably was not synchronous for all glacier-river systems, it incorpo

rates the likely range of ages. 

The less prominent late Otiran 2 advance appears to have culmi

nated about 13 to 12 ka for most drainage basins. This age is consis

tent with palynological evidence for initiation of significant wanning 

and vegetation ~ (ftbar, 1980: Burl:'cMs, 1979). Late Otiran temper

ature probably was 3-5°C less than the present-day te!Dperature for most 

of the South Island (Soons, 1979). Rainfall contrasts across the 

Southem Alps and other large ranges like the Kaikouras probably were 

enhanced in the late Otiran. Precipi tat ion in Westland may have been 

greater than present-day levels, but the east side of the ranges may 

have been even drier than at present (ftbar, 1980). 

Effects of Tectonism. The effects of tectonic activity on 

the processes producing glacial moraines and the post-deposi tional 

changes in moraine shape can best be examined in three steps. First, 

high rates of tectonic uplift over periods of 105 to 106 yr and the 
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resul ting steep mountain valleys were combined with the orographic 

effects of the Southem Alps to foster extensive mountain and valley 

glaciation during the Pleistocene glacial stages and stadials. Although 

uplift also has been rapid in the Kaikoura raIYJeS, the orographic 

effects of the Alps and t?e northwest Nelson ranges produce a rain 

shadow in Marlborough that may have been even more prominent during 

the late Otiran (Soons, 1979; M:>ar, 1980). This rain shadow probably 

was sufficient to inhibit glaciation in the Kaikoura Ranges (Suggate, 

1965). Second, local tectonism during periods of glacial activity 

probably had little effect on the forms of glacial moraines. Terminal 

moraines probably were formed rapidly relative to repeated fault m0ve

ment that might have disrupted them, and the dynamic processes occurring 

during their formation would remove the effects of individual faulting 

events. Similarly, lateral moraines are formed under dynamic condi

tions, so the effects of fault rupture events that might displace 

the moraine during its formation likely would be quickly removed by 

continuing moraine accumulation. 

It is likely, then, that only post-depositional fault movement 

will be preserved by end moraines. The typical sharp crest of moraines, 

particularly lateral moraines, is an excellent reference line for 

measuring post-depositional displacements. Valley-facing flanks of 

moraines commonly will be trinuned by stream activity, so the lateral 

displacements produced by faulting events generally will be removed from 

the valley-facing flank until the stream no longer flows against it. 

That will occur when a stream terrace that abuts against the moraine 

flank has been established. Thus, the flanks of a moraine typically 



preserve displacements less than that of the crest, (cf. Figure 13b) 

and these flank displacenents relate to the time since abandonment 

of the stream ten"aCe that abuts against the flank. 

Stream Terrace Sequences 

The stream terrace sequences that have been examined at most 
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of the fault-study sites generally consist of an aggradation or fill 

terrace that relates in sane way to glacial events or climates and a 

variable number of degradational terraces left by the river as it has 

dcMncut through the fill deposits and possibly into bedrock. The tempo

ral relationship between the culmination of aggradation and glaciation 

is an important one if aggradation surfaces are to be regionally corre

lated as has been done by SUggate (1965). An understanding of this 

relationship requires an appreciation of the processes that interact to 

pranote first aggradation then degradation of a river system. The 

effects of tectonic activity on these processes also must be understood 

if stream terraces are to be used in aSSEssing rates of tectonism. 

General Processes and Timing of Aggradation and Degradation 

Terraces. At the most elementary level, rivers tend to aggrade 

(deposit sediment) along those reaches where the supply of sediment 

exceeds the ability of the river to carry it, and sane form of degrada

tion (downcutting or lateral cutting) will occur along those reaches of 

the river where the supply of sediment is less than the river I s capacity 

to transport it. Sediment supply is controlled largely by processes 

occurring in hillslope areas of a drainage basin and by the distribution 

of sediment in the river floodplain. Sediment yield j,nto a river system 
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is a flmction of geology of the hillslopes-kind of rock, degree of 

fracturing and rock permeability, and degree of rock weathering and so11 

cover--and hillslope steep1eSS and vegetative cover. Another critical 

factor is the climatic regime-the amotmt and kind of precipitation, 

aJOOUIlt ani severity of frost--which is an important control on how 

rapidly rocks will weather ani sediment will move fran hillslopes 

into streams. A river's ability to carry the sediment is a flmction 

of discharge, the shape and slope of stream charmels, the shear stresses 

on channel edges that can affect rate of flow, ani of course the aJOOUl'lt 

of sediment being supplied. Thus the supply and transport of sediment 

and the resulting aggradation ani degradation of rivers involve a 

large number of interrelated factors. 

'1\«) of the most fundamental controls are provided by climate, 

especially changes in climate that can alter the kinds ani rates of 

processes occurring in rivers ani on hillslopes, and tectonism (par

ticularly uplift), which can alter the gradients of streams ani the 

shapes ani steepness of hillslopes. For the present P\ll"P=ses it is 

necessary to consider how climate change and tectonic activity have 

affected the tendencies of New Zealand rivers to aggrade and degrade 

ani form spectacular stream terrace sequences in the latest Quaternary 

(Figure 20). 

During cold-climate periods in New Zealand, lower hillslope 

areas of drainage basins are subject to increased frost and freezing 

relative to wann-climate periods. Upper hillslope areas may be covered 

by permanent snowfields and/or glaciers; glaciers also fill many 



Figure 20. stream Terrace Sequences. 
a. Awatere River. High terrace with poplars is late Otiran 

aggradation surface. 
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b. Buller River. Terraces 2 thr~~h 9 visible in photo. Rocks in 
foreground.show typical distribution of cobbles on terrace 
surfaces. 
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valleys. Timberline lowers, less vegetation mantles hillslopes. Many 

areas are subject to periglacial conditions and processes. 

The effects of these climatic conditions and hillslope processes 

on sediment yield are complex. In areas of decreased vegetation and 

periglacial processes, increased frost action will increase rock wea

thering, making more material available for transport. Conversely, 

areas covered by snowfields and glaciers will not be supplying high 

sediment loads until retreat of the glaciers and snowfields. But once 

glacial drift is available to be transported by runoff and streams, 

sediment yield will increase and bear no relation to the concurrent 

production of weathered rock on the hi 1 Is lopes (Church and Ryder, 1972). 

The discharge of rivers under cold-climate conditions depends 

both on the amount of precipitation and runoff and on the portion of 

total precipitation being stored as permanent snow and ice. West of the 

Main Divide most precipitation probably was stored as snow and ice, so 

did not contribute to increased runoff, while east of the Divide there 

may not have been any increase in precipitation. 

In areas like Marlborough, where glaciation was not exten

sive, there may have been little increase in discharge but substantial 

increase in sediment yield during cold-climate conditions. This led 

to aggradation of the rivers. As climate began to warm, areas in 

the upper drainage basins that had been covered in snow became uncovered 

and sediment yield was increased from those portions of the basin, 

so that river aggradation commonly persisted even after a change from 

full-glacial climate. 
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In valleys filled by glaciers during the late Otiran, aggrada

tion did not coomence lmtil glaciers had retreated. Hhitehouse (1979) 

uses photographs to document the aggradation of a small stream in the 

Southern Alps that had been covered by a glacier which has retreated in 

the last 20 years. The stream aggraded in both the previously-glaciated 

reach and in the downstream reach, 'W'ltil a larger stream that could 

resJWJVe the additional sediment was reached. Church and Ryder (1972) 

showed that such river aggradation is the result of increased sediment 

yield fran newly uncovered, previously glaciated areas and can be 

expected to post-aate the begirming of glacier retreat. Frye (1961) 

argued that major aggradation of the rivers downstream from the conti

nental glaciers of North America occurred during glacial retreat. 

Furthermore, .Jackson and others (1982) have shown that the delay between 

the retreat of glaciers fran upstream reaches and aggradation of down

stream reaches of a river may amount to several thousand years. The 

sediment supplied to a river system during and after glacial retreat 

effectively enters as a pulse of sedimentation, and the rate at which 

that pulse propagates downstream will vary fran river to river, depend

ing on the hydrologic characteristics of that river. Thus the culmina

tion of aggradation may be increasingly later increasingly far down

stream from the glaciated portion of a drainage basin. 

In general, then, the aggradation of New Zealand rivers was 

triggered by late-glacial and post-glacial climate change and sediment 

yield characteristics. The time of culmination of aggradation probably 

varied from one drainage basin to another and may also have varied 

upstream or downstream in arrj one river. Begin and SchtmUll (1984) 



argue that many regional changes in river systems are non-synchronous 

precisely because of the inherent uniqueness of sediment and hydrologic 

coOOitions in each drainage basin. This also helps explain the profu

sion and apparent confusion of ages fran New Zealand aggradation depos

its previously discussed. The available dates fran the South Island 

suggest that most rivers reached the culmination of major aggradational 

episodes from 16 to 13 ka. A ,later aggradational phase, responding 

to the final regional glacial advances, may have culminated as late 

as 10 ka in sane areas (cf. Wellman, 1972), although this is less 

certain. Where other evidence is lacking, the age of the latest otiran 

aggradation surfaces examined in this study will be presumed to be 

14 lea with error bars of +2 lea and -1 lea. 

The change fran aggradation to degradation occurs when the 

discharge is more than sufficient to move available sediment through 

the charmel with 1 ts particular hydrologic parameters. Bull (1979) 

uses the term "threshold of critical power" to describe the conditions 

under which this change occurs. In the context of the processes occur

ring in drainage basins during and after glacial periods, the change 

fran aggradation to degradation occurs as the pulse of sediment yield 

into a stream, which was triggered by the change fran full-glacial to 

post-glacial conditions, subsides. The stream may then achieve a 

condi tion in which discharge is sufficient to move all sediment, and 

aggradation ceases. Degradation occurs as the pulse of sediment con

tirmes to subside and discharge exceeds sediment yield. 

The developnent of stream terrace sequences such as those shown 

in Figure 20 depends on this change from aggradation to degradation. 
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But downcutting by rivers is not a constant process. Sediment yield 

or discharge may change due to larxislides, storms, or droughts. Indi

vidual flood events may have dramatically high sediment loads, producing 

temporary channel-filling events that may effectively armor the flood

plain. This armoring typically would be effected by coarse lag gravels, 

and a river may not be canpetent enough to remove the coarse bedload. 

Only when discharge events occur that are adequate to overcane the 

bedload shear stress (Baker and Ritter, 1975) will downcutting be 

able to restnne. 

Several recent flooding events in New Zealar.d illustrate this 

situation. The Wairau River flooded on three separate occasions in 

the latter half of 1983, following a prolonged three-year drought. 

The first flood aggraded the river channel, and subsequent floods 

were insufficient to cut down through these coarse deposits. So the 

second and third floods produced lateral cutting and overbank flooding, 

and the channel remains aggraded several meters al:xJve its pre-1983 

level (Marlborough catchment Board, unpublished data, supplemented 

by 1984 field observations and discussions with local farmers). Simi

larly, intense precipitation along the Kaikoura coast fran Cyclone 

Allison in 1975 produced major flooding accanpanied by river aggrada

tion. At the Charwell River, smaller floods have cut through these 

deposits and incised into umerlying Tertiary rock, so the present

day, 1984 channel is locally two or more meters below the Cyclone 

Allison depositional level (Figure 21)-possibly the beginning of 

formation of a new stream terrace. 
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Figure 21. Charwell River Floodplain. . Post Cyclone Alison downcuttinc;r 
shown. Exposure of Hope fault (dippin.g right, or north, about 70°) 
visible above river and in steep bank in background. 



In the course of downcutting, then, the river typically will 

pause, and it is these pauses that are preserved as degradational 

terraces. Generally the deposits on these terraces are quite thin, 

a few meters at most. Terraces cut into older alluvial deposits are 

called cut terraces and those cut into bedrock are called str9th ter

races. The number of terraces preserved will depend on the hydraulics 

and hydrology of the river, the rate of downcutting, and the amount 

of lateral trimming of river banks during both downcutting and pauses. 

Many New Zealand rivers preserve numerous terraces (Figure 22), and 

lalowledge of the ages of terraces and heights above present river 

level can yield a downcutting history (Figure 23). 

The downcutting history shown in Figure 23 is typical of the 

New Zealand rivers investigated in this study and illustrates several 

not~rthy stages. The im tial downcutting is rather slow, in response 

to the gradual shift from excess sediment yield to excess discharge. 

As the climate reached its maximum warming in the middle Holocene 

(Burrows, 1979), when average New Zealand temperatures may have been 

as much as 1°C more than present and the shift to discharge-dominated 

stream behavior was complete, maximum downcutting occurred. Finally, 

downcutting rates decrease as the river reaches a gradient that is 

appropriate to the hydrologic and sediment yield characteristics of 

that climate and tectonic regime (the concept of grade, as redefined 

by Leopold and Bull, 1979). 

The emphasis in this discussion has been on describing terraces 

as aggradational (fill) or degradational (cut or strath), based primar

ily on processes of formation. Aggradational terraces are recognizable 
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in the field by the preservation of thick alluvial fills, perhaps 

tens of meters in thickness. cut terraces are recognizable by thin 

alluvial caps that typically tend to be more coarse-grained than the 

fill deposits into which they are incised. Traditionally it has been 

argued that aggradational terraces can be recognized because they 

are paired, that is, they occur at the same height on both sides of 

a valley while degradational terraces are unpaired. However, as Ritter 

( 1978) points out, unpaired fill terraces can be preserved if river 

downcutting occurs at the valley sides rather than in the center of 

the valley, and degradational terraces may be paired if downcutting 

proceeds through the center of a former floodplain. Thus the process

oriented descriptions of terraces as discussed here is preferred. 
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Effects of Tectonism. This discussion of the effects of tec

tonism on the develo~lt of stream terrace sequences will be restricted 

to intermediate-period tectonic activity that operates during and after 

terrace formation. 

It was noted in the previous section that downcutting rates of 

the Buller River decreased in the late Holocene as the river approached 

a grade consistent with climatic and tectonic conditions. The tectonic 

aspect involves the effects of local and regional tectonism, partiCU

larly uplift, on river downcutting. Tectonic activity alters the base 

level that controls the grade to which a river is attempting to adjust. 

Regional uplift will foster the downcutting of a river upstream from 

its regional base level. But the pulse of sediment that occurred 

during and shortly after the last glaciation in New Zealand clearly 

overwhelmed the rivers, and sedimentation ensued despite the rivers I 
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tectonically-inspired tendency to downcut. Thus, when downcutting 

resmned due to changing climatic, hydrologic, and sediment yield charac

teristics, the rivers needed to "catch up" to the amount of uplift that 

had occurred during the period of aggradation. Downcutting, then, 

typically exceeds the aJDOWlt of intermittent aggradation for rivers 

affected by uplift, when sufficient time has elapsed for the river to 

regain the grade appropriate for present-day climate, hydrology, sedi

ment yield, and tectonism. 

This situation is well-illustrated by the post-glacial down

cutting history of the Charwell River (Figure 24). As with the Buller 

River (Figure 23), downcutt.ing of the Charwell River began slowly, 

accelerated to a rapid rate in the mid-Holocene, and decelerated in the 

late Holocene. Total late Otiran aggradation had been around 39 m just 

downstream of the Hope fault (Figure 22), while post-aggradation down

cutting has totalled 75 m (Bull and Knuepfer, 1983). Nearly half of 

this downcutting was through sheared greywacke and Tertiary sediments. 

So the river has cut more deeply than it had prior to the late Otiran 

aggradation episode. Bull and Knuepfer (1983) argue that the additional 

downcutting has been necessary to overcome the effects of regional 

uplift, here approximately 1.5 m/ka, that occurred during aggradation. 

Indeed, the average downcutting rate in the late Holocene also has 

been about 1.5 m/ka (Figure 24). 

strike-slip faulting produces a wide variety of characteristic 

landforms, including pressure ridges, sag ponds, and offset drainages 

(Figure 25). Lateral displacement during developnent of stream terrace 

sequences can have several effects. Lateral faulting creates a local 
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base-level rise in a stream channel, as the channel length is increased 

and the slope at the fault is decreased. On small streams with insuffi

cient discharge to overccme the effects of this channel change, upstream 

aggradation will occur as documented by wallace (1968) and Sieh and 

.1a1ms (1984) in the carrizo Plain of california. However, on large 

streams with high discharge like those studied in New Zealand, such 

small channel changes are not long preserved, and the effects of base 

level variations due to strike-slip faulting quickly are removed. 

Continuing strike-slip displacement during a river downcutting 

period, whether by multiple fault rupture events or by fault creep, 

gradually shifts terraces away from the location of deposition. ~re 

the fault coincides with a mcnmtain front, a terrace sequence will 

be progIessively moved across the canyon mouth. Terraces on one side 

of the channel are preferentially preserved as they are moved E1JIlay 

from the canyon IOOUth and so are not eroded, but terraces on the 0ppo

site side of the channel are destroyed as they are shifted into the 

canyon mouth. This situation has occurred at the Charwell River (Figure 

26). A flight of twelve terraces is preserved on the west bank of 

the river, which is being shifted away from the canyon mouth and river 

by right-lateral movement on the Hope fault, while few terraces are 

preserved on the steep east bank, which is being shifted into the 

path of the river. So strike-slip fault offsets contribute to the 

preservation of unpaired stream terraces. 

When a strike-slip fault crosses a river terrace sequence, 

faul t offsets will be preserved as the terraces are formed. HcMever, 

the interpretation of fault displacements of terrace sequences is not 



Figure 26. Cha!well River Study Site from Air. Prominent terrace 
is Tl. Note charmel on Tl apparently offset from small 
channel incised into hillslope above Hope fault. 

83 



necessarily straightforward. SUggate (1960) and Lensen (1964a, 1968) 

developed general models of the developDeIlt of displaced terrace 

sequences. The JOOdel used here differs fran their interpretations, 

am to understand the differences it is necessary to consider the 

evolution of faulted stream terraces. 

Figure 21 shows the hypothetical developDeIlt of a faulted 

terrace sequence at a high-energy river typical of those studied in New 

Zealam. Consider an active river floodplain with the riverbank acting 

as a riser to an abandoned valley-floor level that is l'lOW a terrace 

(Figure 21a). The terrace may even have an abandoned channel pre

served. A fault crosses the terrace and floodplain. A fault-rupture 

event occurs, and the channel, terrace tread, riser, and floodplain are 

faulted (Figure 21b). Since the New Zealand rivers generally have high 

discharge, the small disruption caused by faulting in the floodplain 
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is quickly removed. Although scarps in the floodplain will be removed 

quickly, landsliding triggered by the earthquake (oJ. Adams, 1981: Wh.i te

house, 1984) may impose a substantial sediment pulse into the river 

system, fostering a short-term filling event. oJ. Adams (l980b) used 

such filling events as evidence for paleoseismic ruptures of the Alpine 

f~t. 

Bank erosion during floods also tends to reoove the lateral off

set of the riverbank (riser). Soon after the faulting event, probably 

wi thin tens of years, no record of the faulting will be preserved in 

the floodplain or at the riverbank (Figure 21c). However, the abandoned 

terrace tread preserves the scarp formed during the faulting event, the 

abandoned channel preserves both the vertical and lateral canponents of 
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displacement, and the riser above that terrace preserves the lateral 

cunpauent. 

As a result of continued downcutting, part of the floodplain 

is isolated as another terrace (Terrace 2 in Figure 27d). 'l'he riser 

between this old floodplain and the older Terrace 1 with its offset 

channel now is rem:JVed fran river erosion. The next faulting event 

(Figure 27e) will produce additional faulting of Terrace 1 and its 

channel. Riser 2 will be offset as will Terrace 2, but Riser 3-the 

new riverbank--will be tr.iJllned back so the fault displacement is not 

preserved (Figure 27f). Thus, Riser 2 preserves the lateral displace

ment that has occurred since abandonment of Terrace 2 by the river, 

and the tread of Terrace 2 preseves the vertical displacement. 
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Several· aspects of this model differ fran the model of Lensen 

(l964a, 1968). First, Lensen correctly points out that in the general 

case, it is W'lCertain how much of the lateral displacement of a river

bank will be triDlned back and resooved before abm:lonment of a particular 

floodplain level during river downcutting. However, observations at 

more than benty faulted terrace sites indicate that in each case 

lateral river cutting has been sufficient to remove lateral fault off

sets of the riverbanks. Lensen (1968) mapped a partly preserved dis

placement of the east bank of the Branch River, but field investigations 

in 1982 and 1984 yielded no convincing evidence of displacement, in part 

due to modification of the bank for bridge protection. Furthermore, 

the bank is protected fran most f lCMS of the Branch River by a dense 

growth of young manuka trees. At all other sites studied, riverbanks 

consistently are tri1rmed back. Indeed, two terraces of the Clarence 



River are unfaulted, and the riser between the higher unfaulted and 

lowest faulted terraces preserves no lateral displacement (Figure 28). 
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Second, Lensen (1968) and other New Zealand workers (eg. Wood, 

1984) have tended to assume that the displacement of a terrace riser 

records the amount of slip across the higher, rather than lCMer, ter

race. But the age of abandonment of a terrace riser by a river is the 

same as the age of a'barxknDent of the terrace surface below it. The 

difference between assigning the riser to the tread above it rather than 

below it leads to differing interpretations of rates of fault slip: 

Lensen (1968) infers total lateral displacement of an aggradation 

surface based on displacement of the riser leading up to it, while 

in this study total Slip l'«Juld be kncNm only if an abandoned channel 

has preserved it, or better yet, a riser to a higher, older terrace 

is present or the terrace abuts against a hillslope at whose base 

the displacement is preserved. 

A further difference in interpretation of offset terrace 

sequences between this study and Lensen involves the use of offset 

abandoned stream channels. Lensen (19648) and many other workers argue 

that offset stream channels are the most reliable indicator of total 

lateral slip since abardonment of a terrace level. However, this pre

sumes that the charmel is the same age as the terrace tread on which it 

is located. This can be well established at sane sites, like several 

terraces at Branch River where the consistent offset of abandoned 

channels and their distributary, braided-channel character both suggest 

that they were parts of the main river channel and were abandoned when 

the river cut down fran the terrace level. However, many exceptions 



Figure 28. Trimmed Terrace Riser Below Faulted Terrace, 
Clarence River Site. Riser between T3e and T4e. Note that, 
al though there is a fault scarp on T3e, no scarp exists on 
T4e and the riser is not offset. 
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exist. Figure 26 shows a stream that drains onto the first degradation 

terrace of the Charwell River. While the terrace riser appears to 

be offset nearly 400 m, the stream is offset no more than 230 m. 

At the Okuru River (Figure 29), adjacent channels on the same terrace 

tread are displaced 7.5 m and 13.5.m right-laterally (Berryman, 1975), 

clearly iJXlicating that they are not the same age. 

Not all of the sites that were studied preserve offset channels, 

but all preserve offset terrace risers. For consistency, most of 

the displacements that are used in this study involve terrace treads 

and risers, although offset channels also are considered at sane sites. 

Field measurements of displacements of terrace treads, risers, 

and abandoned channels involve matching features across the fault. To 

measure vertical displacement of a terrace tread, points on opposite 

sides of the fault that were originally adjacent prior to faulting must 

be rematched, although these points may have been separated by many 

meters due to lateral fault displacement. The difference in elevation 

of the originally-adjacent points is the vertical displacement of 

the terrace tread. The displacement of an abandoned channel is best 

estimated by matching the low point of the channel on either side 

of the fault and measuring both lateral and vertical displacements. 

Charmel walls also may be used for this purpose, but the shallCMneSS 

of most of the abandoned braided-stream channels preserved on New 

Zealand terraces makes it very difficult to match particular points 

on channel margins across a fault. 

The lateral displacement of a terrace riser can be measured at 

crest, toe, or intermediate locations on the riser. During formation 
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downthrown side 

Figure 29. Map of Okuru River Site. Adjacent streams and 
terrace risers displaced different amounts, inconsistent 
with relative ages. See text for discussion. After 
Berryman, 1975. 
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of a riser, the crest, toe, and mid-slope points are adjacent across 

the fault. But in addition to separation due to fault displacement, the 

terrace riser on the upthrown side of a fault typically is higher than 

on the downthrown side. The shapes of higher risers or scarps change 

at different rates than the shapes of lower risers: retreat of the 

crest generally is more rapid, accumulation of colluvial materials at 

the toe is greater and may produce a migration of the toe onto the 

terrace tread. Thus it is difficult to match particular points of a 

riser across the fault and uniquely determine the displacement. Lensen 

uses the riser mid-point to measure displacement, since he postulates 

that mid-points remain stable locations during riser degradation. But 

even the mid-point can retreat due to erosion or advance due to accwnu

lation of colluvium. The best use of risers for displacement measure

ments is obtained by measuring displacments of at least both the crest 

and toe and averaging the values. 

In light of the foregoing discussions, sane limitations in 

the displacement data must be acknowledged. First, measurements of 

lateral displacement made fran terrace risers must be considered maximum 

values for the terrace tread below the riser, as sane displacement that 

occurred before abandonment of the terrace tread may not have been 

rerooved by lateral bank erosion. second, measurements of horizontal 

displacement fran channels must be considered minimum values, as the 

channel may be younger than the terrace tread. Where riser and channel 

displacements agree, it is presumed that the true displacement has 

been measured. 



Relative-Absolute Dating of Stream Terraces 

The preceding section dealt with JOOdels of formation of stream 

terraces, including abandoned channels and terrace risers, and glacial 

moraines, and how these features can be used to measure fault displace

ments. To use displacement data to estimate rates of fault slip, 

the ages of these reference features must be known. In general the 

ages of geanorphic surfaces, rather than late Quaternary depoei ts, 

must be known, as it is the surfaces that record the displacements. 
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The conventional approach to dating alluvial geanorphic surfaces 

is to obtain radiocarbon dates fran the depoei ts and estimate surface 

ages assuming sane lmiform sedimentation rate. Generally this is accom

plished by obtaining multiple dates from a stratigraphic section and 

extrapolating sedimentation rates to obtain surface ages. The approach 

is limited by the krlowledge of sedimentation rates and the rnunber of 

dates available, so it is not always possible to ascertain surface 

ages fran dated subsurface deposits. Furthemore, in the high-energy 

gravel-bed rivers studied in New Zealand, ~ and charcoal are not 

readily preserved, as they are crushed and/or float away in floods. 

In Marlborough, where forests probably always have been sparse, little 

N:Xd may even have entered many streams. Direct dating of terrace 

deposits often is not possible. 

Many techniques of relative dating have been used to subdivide 

glacial deposits (eg. Burke and Birkeland, 1979; Dc::Hieswell, 1982), 

particularly in the absence of radiocarbon dates. Much attention has 

focused on rock-weathering and soil properties (Birkeland and others, 

1980; Porter, 1975), as glacial deposits COIllllOl1ly contain numerous 



cobbles and boulders. When relative dating teclmiques such as rock 

weathering are calibrated at sites of known ages, as is being done 

wi th increasinJ frequency (cernhouz and Sole, 1966; Chinn, 1981; Colman 

and Pierce, 1981; Croak and KBmb, 1980; MCGregor, 1981), a relative

absolute dating technique is created. Similarly, if rates of change 

of soil properties can be determined (Bockheim, 1980; Harden, 1982; 

C8nq;)bell, 1975; Birkeland, in press), soils can be used as a relative

absolute age-dating technique (as done by Machette, 1978, and Keller 

and others, 1982). 

Relative-absolute datinJ techniques were used as the primary 

means of estimating ages of displaced geaoorphic surfaces because 

materials sui table for radiocarbon datinJ were not fotmd at JOOSt study 

sites and because it is difficult to assess ages of geanorphic surfaces 

fran the dating of subsurface deposits. Rock weathering rinds were 
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used as one relative-absolute dating technique, building on existing 

work with Torlesse greywacke sandstones. The changes of soil morphology 

and chemistry with time also were used for relative-absolute dating, 

again building in part on existing New Zealand studies. These tech

niques are discussed in the following paragraphs, and the procedures 

for estimating ages of geanorphic surfaces are presented. 

Analysis of Rock Weathering Rinds 

Chinn (1981) and Whitehouse and others (1980) showed that the 

thickness of weathering rinds developed on Torlesse greywacke cobbles 

fran the surfaces of glacial moraines and rock avalanches increases 

rapidly as a function of time (Figure 30). Specifically, they found 



Figure 30. Photograph of a Suite of Weathering Rinds. Rocks 
from Branch River; Terrace 1 sample in lower right, Terrace 
4 sample in upper right, Terrace 6 rock on left. Note the 
sharp contrast between white weathering rind and dark 
greywacke. 

94 



that a pc:Mer-law relationship of the form 

A = aIil (2.1) 

where A is age of the geanorphic surface, R is JOOdal rind thiclcness, 

and a and n are empirical constants, can be fit to weathering-r~ 
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data fran sites of known Holocene ages with a very high correlation 

coefficient (r2 = 0.98). This good fit helped Chinn argue that, using a 

restricted rock type, weathering-rind formation is cl1mate-iOOeperxient 

in New Zealand, as there is a wide range of climatic conditions among 

the calibration sites. He then used the calibrated rind-thickness curve 

to date Holocene glacial advances in part of the South Island, as 

did Birkeland (1982). Mtitehouse and others (1980) and N1itehouse 

and McSaveney (1983) used the technique to date talus surfaces, and 

Whi tehouse (1983) examined distributions of ages of rock avalanches 

in the Southern Alps using rock weathering rinds. 

N1i tehouse and others (in press) have expaniecl Chirm' s work 

by considering the kinetics of weathering-rind growth. Fran examining 

rinds fran late-glacial moraines they argue that an equilibrium rim 

thickness is reached when the rate of rim penetration into a rock 

approximately equals the rate of loss of material fran the rock surface 

due to physical and chemical disintegration. They present a functional 

relaxation equation of the form 

Ct = Coo [1 - exp(-t/r)] (2.2) 

where Ct is rind thickness at time t, Coo is equilibrium rind thickness 

and T is relaxation time expressed in terms of a half-life to reach 

Coo. Coo am T are deteImined empirically. 



These studies have developed a teclmique for using weathering 

rinds to estimate the ages of latest Quaternary, particularly Holocene, 

glacial and rock avalanche depoei ts. This teclmique was extended for 

use with stream terraces in the present study. The weathering of 

Torlesse rocks of different bedrock age and metaroorphic grade fran the 

Triassic prehnite-pumpellyite facies rocks of Chinn's calibration sites 

was examined to see if arry systematic differences could be attributed 
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to differences in lithology and mineralogy. Also, rinds fran subsurface 

horizons of stream terraces and other deposits were examined to see if 

a similar relative-absolute dating technique could be constructed 

for subsurface rocks. 

calibration of SUrface-Rock Weathering Rinds. A total of 

18 calibration sites for Torlesse graywacke sandstone surface rocks 

is used in the present study (Figure 31, Table 4). These sites include 

those of Chinn (1981) and ~tehouse and others (in press), as well as 

several new si tea, with all data re-examined to provide a consistent 

appraisal of weathering-rind value to be used in the calibration. 

calibration data are provided in Appendix B. Field sampling teclmiques 

and data analysis approaches are discussed in detail in Appendix B 

and are Sl1JJI1lar ized here. 

Weathering rinds are obtained fran cobbles lying at the ground 

surface. Every effort is made to choose rocks for sampling that appear 

to have been at the ground surface for as long as possible; thus, large 

rocks are preferentially chosen, particularly if their originally smooth 

surfaces have been covered by lichens and etched. Rinds measured from 

such rocks are the net thiclaless of weathering rinds resulting from 
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Figure 31. calibration Sites for Weathering-1U.D:i Studies. 
Numbers are keyed to sites listed in Table 4. Si tes 1, 3, 
4-10, 12, and 15-18 fran Whitehouse and others (in press). 
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TABLE 4 

WEATHERING-RIND CALIBRATION DATA 

Site ~ t-txie Mean 

1- Buller River 14000+2000 8.<>±0.5 5.68±2.14 Speargrass -1000 
2. Old Rainbow Hcmestead 1200C>±500 6.8±<>.2 7. 29±1.53 

MJraine 
3. Lake Rotoi ti MJraine 12000±500 6. 8±<>. 2 5.94±1.23 
4. Waimakiriri River Poulter 1200<>±500 5.8±0.2 4. 31±1.10 

MJraine 
5. cameron Valley Wildman 9800±400 6.0±<>.5 6.64±2.08 

MJraine 
6. Macaulay Valley MJraine 8940±400 5.0±<>.2 4.03±1.46 
7. South Ashburton River 611 <>±270 3.0±<>.2 2. 29±<>.48 

Rock Avalanche 
8. Arthurs Pass MJraine 5315±310 3.6±0.2 3. 26±<>.90 
9. casey Stream Rock 3968±298 3.6±0.2 3. 69±<>.99 

Avalanche 
10. cameron River Rock 302<>±205 2.<>±0.2 1.46±<>.66 

Avalanche 
11. Lake Chalice Rock Avalanche 216O±80 2.8±<>.2 2.93!O.87 
12. Otira Gorge Rock Avalanche 1975±38 2.2±0.2 2.36±<>.71 
13. Hope River Bridge Landslide 778±60 1.0±0.2 o.78±<>.33 
14. Charwell River Fan 77<>±52 0.8±<>.2 0.95±<>.52 
15. Acheron River Rock 56<>±28 0.8±<>.2 0.86±<>.22 

Avalanche 
16. Clyde River Rock Avalanche 338±19 0.4±<>.1 0.39±<>.19 
17. Macaulay River Rock 338±20 0.4±<>.1 0.39±<>.23 

Avalanche 
18. cameron Valley MJraine 130±10 0.2±0.1 0.19±<> .11 

NOTFS: All ages are in corrected (calendric) years before 1980; all 
rind thicknesses in mm. 



inward weathering and removal of surficial rock materials by chemical 

and physical disintegration. Whitehouse and others (in press) argue 

that the rate of inward rind migration approximates the rate of removal 

of surficial rock material after more than 20 ka. In general at least 

50 samples are taken fran a given geaoorphic surface, and only fresh 

surfaces obtained by cracking the rock open are used. Pre-existing 

joints and fractures are avoided, as these are surfaces of increased 

fluid penetration and exhibit more rapid weathering than unfractured 

portions of the rock. 

Rinds then are measured under direct sunlight. The reference 

line is the inner edge of the whitish rind (Figure 30), and it is 

measured to a precision of 0.2 DIll using a lOx magnifying canparator. 

Choice of the inner edge of the rind is affected by how diffuse the 

rind is; in general the thicker the rind and the coarser the grain

size the more diffuse the inner edge. The rind-thickness histogram 

that is constructed fran the measurement data is smoothed by a weighted 

running average. Details of the weighting are given in Appendix B. 
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Although sample mean is the camnonly-used measure of rind thick

ness (eg. Burke and Birkeland, 1979; Colman and Pierce, 1981), sample 

mode is the preferred measure used in the present study. A wide variety 

of sample distributions is encatmtered in the Torlesse weathering-rind 

data, as can be seen fran the data sets in Appendices B and C, and most 

collections deviate fran normal distribution patterns. Al though sur

faces of increasing age have rinds of increasing thickness, the rind 

distributions also exhibit increasing dispersion with age (Figure 32). 

Data sets with multiple peaks are particularly common from older 
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surfaces. This reflects the increaing importance of factors other 

than time in affecting rind formation. Addi tions or removals of forest 

litter and fine-grained aeolian materials tend to produce suites of 

rocks whose residence time at the ground surface is variable. As 

these changes are not systematic with time or location, it is eltpeCted 

that rind mean also will not change systematically with these non

temporal factors. SUch additions and removals also tend to produce 

residence times for rocks that are less than the total age of the 

surface, thus skewing rind distributions to younger means. A concen

tration of the thicker rinds representative of t}\..e actual surface 

age should persist, however, so the greatest-thickness mode is used 

fran multi -modal data such as those in Figure 32. 

A case of differing modes and means is illustrated by data 

fran the Charwell River terraces. Mean rind thicknesses of 3.46 nun, 

3.24 nun, 3.17 mm, and 3.30 nun are obtained from four progzessively 

older terraces, while modes of 2.8 mm, 3.2 mm, 3.6 mm, and 4.0 mm 

are obtained from the same terrace sequence. Clearly the IOCIdal data 

are consistent with the relative terrace ages while the mean data are 

not. Conversely, Terraces 2 and 3 fran the west bank of the Clarence 

River have modal values of 2.8 nun and 3.0 mm, inconsistent with their 

relative ages, but have mean values of 3.66 nun and 2.96 nun. So in 

this case the means provide a more useful age-dating technique. 

The modal data, then, also have their limitations, particularly 

if factors other than time obscure the modal signature of the true 

surface age. Furthennore, use of rind mode suffers from a lack of 

objectivity, and this has been a major criticism of the technique. 
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Certainly the choice of an "appropriate" mode fran multi-JOOdal popula

tions is subjective. In the absence of superpositional or stratigraphic 

information on relative terrace ages to help guide the choice of a 

modal value, the selection of a mexia appropriate to the actual surface 

age can be quite uncertain. Finally, the subjectivity of lOOdal data 

precludes the performance of most rigorous statistical procedures 

that examine significance of conclusions. 

Accordingly, both a rind mode VB. age (Figure 33) and a rind 

mean VB. age (Figure 34) relationship are developed here. The modal 

data are used in most cases later in this chapter, in keeping with 

the arguments presented above for use of this subjective approach. 

The mean of the weathering-rind distribution is used as a cross-check, 

and it is used to supply age estimates when modal data are inconsistent 

with field evidence for relative ages. 

The age side of the calibration equation is obtained from 

radiocarbon dates of rock avalanches and glacial moraines and sane ages 

for late-glacial moraines and aggradation surfaces assigned according 

to the discussions earlier in this chapter. The rock avalanche deposits 

are dated from organic materials buried by the avalanche. In general, 

such dates are a reliable indicator of the actual age of the rock 

avalanche surface, as these generally are geologically instantaneous 

deposi ts. Tm! dating of glacial moraines is more problematical. Most 

of the moraine ages are fran outwash aggradation deposits thought to be 

at least the same age as, or slightly younger than, the moraines them

selves (Whitehouse and others, in press). Direct radiocarbon dating 

of moraines generally is not feasible, since few organic materials 
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tend to be included in morainal deposits. So the calibration points 

fran glacial deposits may be too young, though probably by no more 

than 10-20%. The limitations on the assigned ages for late-glacial 

moraines and aggI?.dation surfaces have been discussed previously, 

and appropriate error limits are included. 
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In this study, radiocarbon ages have been changed to calendric 

years using the calibration curves of Stuiver (1982) and Klein and 

others (1982) that aCCOlDlt for the changing concentration of atmospheric 

014 . 1980 is chosen as the reference year because most calibration 

data were measured during or arcn.url that year. The ages listed in 

Table 4 are in corrected years before 1980. 

The weathering-rind calibration data are sunmarized in Table 4. 

These data were analyzed by least-squares regression to obtain the 

best-fi t lines indicated in Figures 33 and 34. The equations obtained 

are 

A = (966 ± 66) R1 . 30±P.05 

for modal data, with A and R as defined before, and 

A = (1066 + 123) R1 . 31!O.09 

(2.3) 

(2.4) 

for mean data. These equations are canputed to allow the estimation 

of surface ages fran rind-thickness data, although in proper physical 

terms the thickness of weathering rinds is a function of time, not 

vice-versa as implied here. The standard error for est.imates of the 

ages of geanorphic surfaces ranges from 5% to 20% for determinations 

fran rind mode and fran 10% to 35% for determinations fran rind mean. 

Factors Other than Time. Many factors other than time should 

influence the rate at which weathering rinds grow. The most important 
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factors probably are climate, lithology and grain size of the rock, 

and degree to which the rocks have been buried or the geanorphic surface 

has been eroded. 

Colman and Pierce (1981) cited a correlation between increasing 

rates of rirrl developnent in subsurface basalt and andesite cobbles and 

increasing average armual precipitation. Chirm (1981) and Whitehouse 

and others (in press) find little climate sensitivity in the calibration 

data they used, and this conclusion is reaffirmed here. Armual precipi

tation at the calibration sites varies from 1200 mm to nearly 5000 11m 

(Table 5) yet simple regressions of rind thicla1ess on precipitation 

and multiple regressions of thickness on time and precipitation yield 

very low correlation coefficients that show no significant correlation 

at the 95% confidence level. Data from multiple regressions are given 

in Table Bl and B2. 

Wellman (personal camrunication) suggests a dependence of 

rate of rind thickening on temperature at a site. His data are mean 

values for rind thickness fran a mixture of Torlesse sandstone and 

argillite, and most of his ages are obtained by asstDning uniform rates 

of faulting or river dclwncutting. SUch an approach to age assignment 

has been rejected here, as rates of faulting and river downcutting 

are the \lrllalcMns for which relative-absolute dating is being used. 

Furthermore, the use of varying lithologies by Wellman is incompatible 

with the present approach, and it introduces an additional source 

of variation in the rind data for which Wellman has not accounted. 

Finally, he often uses multiple chips from one rock, rather than the 

single chip used here, so his results are not canparable. 
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TABLE 5 

DATA FOR MULTIPLE REGRESSIONS 

Site ~ M:xie, JIIJl Mean, IIII\ Elevation, m Precip, mm 

Buller River 14000+2000 
-1000 8.0 5.68±2.14 580 1600 

Old Rainbow 12000±500 6.8 7. 29±.1.53 810 1500 
Lake Rotoiti 12000+500 6.8 5. 94±1.23 610 1550 
waimak Poulter 12000±500 5.8 4.31±1.10 620 1200 
Cameron 1 980Q±400 6.0 6.64±2.08 1070 2400 
Macaulay 1 894Oj:4oo 5.0 4.03±1.46 1040 2400 
S. Ashburton 611Oj:270 3.0 2. 29,±0.48 1090 3200 
Arthurs Pass 5315±310 3.6 3. 26±Q.90 900 5000 
casey Stream 3968±298 3.6 3.69±0.99 610 1800 
Cameron 2 302Oj:205 2.0 1.46±Q.66 1070 2400 
Lake Chalice 216Oj:80 2.8 2.93!,O.87 770 1600 
Otira Gorge 19751:38 2.2 2.36±Q.71 820 5000 
Hope River Br. 778±60 1.0 0.78±0.33 460 1400 
Charwell Fan 77Oj:52 0.8 0.95±<>.52 490 1100 
Ach.eron River 56Oj:28 0.8 0.86±0.22 890 1300 
Clyde River 338±19 0.4 0.39!,O.19 820 2400 
Macaulay 2 338±20 0.4 0.39±.0.23 1040 2400 
Cameron 3 13Oj:10 0.2 O.19±0.11 1290 2800 



Whi tehouse and others (in press) also have considered tempera

ture dependence of rind thickening. Temperature decreases regularly 

with increasing altitude, so altitude was used in the absence of site

specific temperature data (Table 5). They found no significant rela

tionship between altitude and weathering-rind thickness using several 

mul tiple regression models. In the present study simple regressions 
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of rind thickness on altitude show a moderately significant correlation 

between mean and altitude (Table Bl), but multiple regzessions yield 

low correlation coefficients that indicate no significant correlation 

at the 95% level. 

Details of microclimate, including insolation and aspect, might 

also be important in rock weathering. There are suggestions of differ

ences in rind thickness between samples from crests and slopes of 

moraines (Whitehouse and others, in press), so in this study samples 

are taken only from crests of moraines and other geanorphic surfaces. 

The limited effect of vastly differing precipitation values on 

rind fornation is not too surprising. Rind fornation occurs at rates 

dictated by the kinetics of chemical reactions occurring at the rind

rock interface and by the permeability of the rocks themselves. If 

sufficient moisture is available to drive rind fornation at its maximum 

rate, then excess moisture supplied to the rock will not be effective. 

Given the lack of climate-dependence recognized at the calibration 

sites, it is likely that all sites receive sufficient moisture to 

drive the rind-forming mechanisms at or near their llsaturatedll rate. 

To sane extent, this may be facilitated in the drier areas by the high 



incidence of dew and frost providing sufficient moisture to the rock 

surface even in the absence of high precipitation values. 

Although a correlation of altitude and rind mean thickness 
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is foun:l, there really is little sensitivity to temperature. As White

house and others (in press) point out, the temperature-dependence of 

chemical reactions is expressed in terms of OK, not °C. The variations 

in temperature among the calibration sites is only about 2 percent, 

which is too small a difference to be a cause of changes in the kinetics 

of rind growth, despite the correlation. 

Variations in lithology and mineralogy of the Torlesse greywacke 

rocks might also be expected to produce variations in rates of formation 

of weathering rinds. As discussed previously, systematic differences 

have been recognized in the petrography of the J'urassic-Cretaceous 

and Triassic Torlesse greywackes (Mackinnon, 1983). calibration sites 

at Hope River Bridge landslide and Charwell River fan (Appendix B) 

probably are fran Jurassic~taceous greywacke, yet these data points 

fit well with the calibration data from the Triassic source terranes. 

Limi ted data also were obtained from a terrace of the Rangi tikei River 

in the North Island, with Cretaceous greywacke source. A1 though there 

are insufficient rinds to use in calibration, rind thiclalesses from 

a 12-13 ka terrace are consistent with those from South Island cali

bration sites of similar age, around 6 to 1 mm. These demonstrate 

further the consistency of weathering rates between greywacke rocks 

from Cretaceous and Triassic Torlesse terranes, despite the differences 

in petrology aJOOng these rocks. Indeed, even the weathering of low

grade chlorite schist from the Lake Chalice landslide fits well with 
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the other calibration data. Thus the variations in lithology and 

mineralogy that are present within the calibration suite and the study 

sf tes are of secordary importance to the effects of time in determining 

rind-gl:'CMth rates. This is not true, however, if higher-grade metamor

phic rocks, such as foliated biotite schists, are used. 

The range in sand grain sizes of the sampled Torlesse cobbles 

is too small to create significant scatter in the calibration data 

(Wbi tehouse and other, in press). During the present study, a system

atic increase in rind thickness with increasing grain size was noted, 

and a decrease in rind thiclmess with decreasing grain size also was 

observed. This accounts for sane of the scatter in individual data 

sets. The effect was minimized as much as possible during field sam

pling by attempting to obtain only medium-grained greywacke cobbles. 

An important variable in using weathering-rind data from any 

surface, but particularly stream terraces, is the effect of gains to 

and losses fran the geanorphic surface. Many latest Quaternary surfaces 

have been subject to partial burial by loess or other aeolian deposits, 

while other sites have been subject to deflation and/or erosion of 

surficial materials. In the former case surface cobbles will be buried 

and incorporated into the A or B horizon of the soil. The ground 

surface will retain few if any cobbles and dating using weathering rinds 

is difficult. In the latter case, rocks originally at the surface may 

be removed, and rocks that were originally in the subsurface will 

becane surface rocks. The rocks at the surface thus may obtain a 

younger average residence time than the age of the surface. It is 

essential to recognize the geamorphjc history of a calibration or study 
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site, especially in terms of gains to or losses from the surface. Sites 

where such disturbances were recognized were not used for calibration. 

Changes in vegetation and climate during the residence period of 

a geanorphic surface also may affect rind growth. The latest Pleisto

cene surfaces that are used as calibration sites certainly have under

gone substantial climatic change, including an average 4°C warming. 

But no clear climate dependence can be deIoonstrated in the calibration 

data, so it is concluded that climate change also has little effect on 

the rind growth curve. Vegetation changes have occurred on many of the 

surfaces used for calibration. Extensive devegetation has occurred 

twice in the eastern South Island during the last 1000 years. The first 

of these occurred from 600 to 1000 yr b.p. as firing was undertaken by 

the Polynesian moa-hunter culture for hunting purposes, and extensive 

portions of canterbury and otago were deforested (t-t;Glone, in Mansergh, 

1973). The second occurred subsequent to European occupation, particu

larly starting in the 1840 's, and affected extensive areas of Marl

borough and canterbury by burning and by overgrazing by sheep and 

rabbits. At many sites, therefore, rocks probably were at least partly 

covered by forest litter and subject to acid leaching conditions during 

much of their residence time, and only recently have JOOSt of these 

surfaces become grasslands. The effects of these vegetation changes on 

rock weathering can be only a matter of conjecture. It is noteworthy, 

though, that significant overlap in rind JOOdes occurs for surfaces with 

radiocarbon ages of about 2 to 6 lea and 0.5 to 1 lea, but there is no 

overlap between the groups. This may reflect more rapid rind formation 

under forest conditions not present in the last few hundred years. 



Insufficient data are available to quantitatively assess the effects 

of changes in vegetation and climate on Torlesse weathering, but again 

these factors appear to be wi thin the "noise" of the calibration data. 

The strong correlation of thickness of rinds in Torlesse sand

stone cobbles with time and the lack of correlation of rind thickness 

with other variables canbine to make the use of weathering rinds a 

powerful relative-absolute dating technique. This is a principal 

approach used in this chapter to estimate ages of faulted surfaces. 
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SUbsurface Rocks. The t1me-dependence of weathering of Torlesse 

greywacke in the subsurface enviI'OImtent was investigated in two set

tings. Sane Westland (West Coast) rivers reach into low-grade Torlesse 

greywacke in their headwaters areas, so that sane of the cobbles trans

ported downstream are prehnite-pmnpellyite or low chlorit~ meta

morphic facies. Small sui tee of such rocks were obtained fran exposures 

of depoei ts of different ages fran the Wanganui and Franz .Josef areas 

by .Jonathan Sowden of the University of canterbury and as part of this 

study. MJdal values for rinds from these rocks, which were sampled at 

50 em depth in soil exposures, are plotted with depoei t age in Figure 35 

and listed in Table 6. Ages for sites are based on assignments by 

Stevens (1968) as modified by more recent assessments of ages of glacial 

depoei ts (P. Tonkin and I. .James, personal <:::amnunications). In general 

these ages are more uncertain than those used in the SUl'face-rock 

calibrations already discussed. MJst are not based on direct radiocar

tx:m dating, and sane ages may be in error by a factor of two or more. 
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TABLE 6 

CALIBRATION DATA, SUBSURFACE ROCKS, WEST COAST 

Age, ka Modal Thickness, mm Collector 

0.1-0.15 (0.1 ) 0.1 S am K 
0.5-2.0 (1. 0) 3 S 
3.0-5.0 (5.0) 5 S am K 
8.5-11.5 ( 11.0) 5 K 

22.0-40.0 (22.0) 12 S am K 
30.0-60.0 (40.0) 16 S 

Notes: Age indicates range of possible ages for surfaces from which 
subsurface rocks were obtained; most likely age in parentheses. 

Collector: S = :J. Sowden, Universi tv of canterbury (written 
cammmication); K = this study. 



A best-fit linear regression obained fran these data, 

A = (1011 ± 11) R1 •16±O.20 (2.5) 

allows estimation of dep::)si t ages with an uncertainty of at least 

20% to 50%. The fit to the data is not nearly as good as the fit 

to surface-rock data, but the data-base is smaller and the ages are 

less well-constrained. 

SUbsurface rocks also were obtained fran many study sites in 

the Marlborough region. Rocks were sampled at a depth of 50 em below 

the grourxi surface and measurements were made to 0.1 DID for rinds less 

than 1.0 nun thick and to 0.2 nun for rinds greater than 1.0 nun thick. 

A canparison of modal and mean rind thicknesses for surface and sub

surface rocks from Marlborough, with one site fran the Southem Alps 
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ci ted by Mrl tehouse and others (in press), is listed in Table 7 and 

shown in Figure 36. A wide scatter characterizes both of these graphs, 

indicating that the weathering of subsurface rocks does not follow the 

same ldnd of power-law relationship between thickness and age as does 

weathering of surface rocks. 

An understanding of gains to or losses from a geomorphic surface 

is extremely important in interpreting subsurface rind data. Addition 

of aeolian materials can place rocks originally in soil A horizons or at 

the surface at depths of 50 em or more. Since weathering rates are more 

rapid in shallCMeSt parts of most soils, the addition of materials at 

the ground surface will produce subsurface rocks with ananalously thick 

rinds for the surface age and depth in the soil profile. Conversely, 

loss of material from the surface brings rocks originally at greater 

depth into the 50 em depth range, so rocks with ananalously low rind 



TABLE 7 

RIND DATA ON SURFACE AND SUBSURFACE ROCKS FRCJ-t SAME DEPOSIT 

Macaulay Valley M::>raine 
Waihopai Terrace 1 
Branch Terrace 5 
Branch Terrace 6 
Grey Terrace 3 
Grey Terrace 4 
Saxton Terrace 1 
Saxton Terrace 2 
Saxton Terrace 4 
Clarence Lake Tennyson SUrface 
Clarence Terrace lW 
Clarence Terrace 2W 
Scotties camp 
Charwell Terrace 1 
Charwell Terrace 3 
Charwell Terrace 7 
Charwell Terrace 11 
Glynn wye M::>raine 
Glynn wye Terrace 2 
Manuka Stream Terrace 3 
cave Stream Terrace 2 
cave Stream Terrace 4 
Buller River Terrace 1 
Buller River Terrace 6 
Buller River Terrace 9 

SUbsurface Rinds 
M::>de Mean 

3.2 
3.0 
1.2 
1.0 
0.2 
0.1 
1.0 
0.4 
0.2 
1.6 
1.2 
1.2 
0.1 
3.2 
1.2 
0.8 
0.1 
1.0 
1.0 
0.2 
0.2 
0.1 
2.2 
0.2 
0.2 

2.97±O.74 
1.49±Q.54 
1. 48±0. 84 
0.75±Q.51 
0.22±0.20 
0.67±0.42 
0.88±<>.96 
O.94±<>.87 
2. 12±1.36 
1.37±0.88 
1.31±l.OO 
0.20±<>.20 
3.8l±l. 74 
1. 22±<>.45 
0.73±<>.31 
0.25±<>.28 
1. 23±0.5l 
1.20±0.63 
0.24±p.13 
0.48±p.49 
0.16±O.15 
2.08±0.8l 
0.69±.0.79 
0.38±p.41 

5.0 
5.4 
6.0 
4.2 
2.6 
2.4 
5.4 
4.4 
2.4 
5.0 
3.0 
2.8 
3.8 
6.0 
4.2 
3.2 
2.8 
9.0 
5.0 
3.0 
2.8 
0.4 
8.0 
3.2 
2.0 

4.03±l.46 
4. 19±.L 29 
6.04±1.65 
4.06±L07 
2.78±<>.73 
2.08±p.57 
4.47±L52 
4. 11±<>.93 
2.88±<>.7l 
4.27±2.02 
3.09±1.18 
3.66±1.46 
4.l3±l. 70 
6.03±2.41 
4. 11±l.05 
3. 24±<>.95 
3. 27±<>. 85 
7.72±2.24 
5.08±2.08 
2.88±<>.72 
2.40±<>.91 
0.82±<>.93 
5.67±2.15 
3. 25±l.18 
2.39±<>.77 

Note: cave Stream Site is located near Waimakiriri River Poulter 
M::>raine calibration site, no. 4 in Figure 38. 
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r = 0.36. Tss is rind thickness for subsurface rocks; 
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Ts is rind thickness for surface rocks. 2 
b. Mean data. Tss = (0.35±O.10 Ts - (0.24±O.43), r = 0.34. 
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thicknesses are sampled. Although these processes contribute to the 

scatter in Figure 36, they also produce rind distributions that can be 

used to help define the presence of significant gains or losses for the 

geaoorphic surface. 

The dependence of weathering-rind gI'CMth in subsurface rocks 

on climate probably is much greater than for surface rocks. Colman 

and Pierce (1981) reported different rates of weathering of subsurface 

rocks for different climates in the western United States. The present 

New Zealand data are not sufficiently numerous to define differences 

based on climate. HaEver, the sites used to calibrate West Coast 

subsurface weathering of greywackes are from a relatively restricted 

super-humid moisture regime, with average annual precipitation ranging 

between 4000 mm and 5000 mm. The sites in Marlborough shown in Figure 

36 range in precipitation from 700 to 1600 mm. This range may be 

more significant than the range in precipitation for the West Coast 

sites, as significant changes in soil moisture regimes are found in 

these lower precipitation ranges. 

Soil moisture, rather than climate, probably is the main direct 

limi ting factor other than time governing the subsurface weathering 

of Torlesse sandstones. The availability of fluids at the rock-soil 

interface is a function of soil permeability, soil moisture, and water 

table level. The rate of weathering rind developnent will be limited 

by the available moisture and also controlled by the acidity of fluids 

permeating into the rock. Thus the leaching regime of a soil is very 

important. These factors probably account for a substantial portion 

of the data scatter shown in Figure 36. The limited data base available 



for calibration of subsurface rind data has resulted in little reli

ability being placed on subsurface rinds as a relative-absolute dating 

tool. 
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Ages fran Weathering Rinds. The technique of using rind thick

ness measurements for age estimates is illustrated by reference to 

the saxton River site. Weathering rinds were obtained fran five faulted 

terraces on the east bank of the saxton River. Numerous cobbles and 

boulders on Terraces 1 and 2, the two oldest terraces, were fractured, 

prestDJ\ably by frost, and sampling was carefully conducted to find 

the portion of the rock, not buried, that preserved the total rind 

thickness, rather than sampling a frost-fractured face. Nonetheless, 

age estimates from these rocks may err on the young side due to under

representing the true rind thickness. 

Weathering-rind data from the five terraces are provided in 

Figure 37 and smoothed data are shown in Figure 38. The histograms and 

smoothed data illustrate the ambiguity in picking rind modes. Terrace 1 

has several modes, but the peak at 5.4 nun is the highest significant 

mode, so this is the chosen value. Terrace 4 yields two praninent 

modes, one' at 2.4 nun and another at 3.2 nun. The mode at 2.4 mm was 

chosen in this case as the preferred value because of the progression 

of modes in the older terraces. Terrace 5 is a stratigraphically 

canplex surface, with sandy channels cut into a coarse lag gravel. 

The young displacement recorded by this terrace appears to occur on 

a portion of the terrace formed by cut-and-fill. This age derived 

from weathering rinds p~obably is older than the portion of the terrace 

cut by the Awatere fault. 
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For most of the study sites, rock-weathering data provide 

a high-quality age-estimation teclmique. At many of these sites, 

and at other sites where weathering-rind data were not obtained, soil 

JOOrphologic ~.nd chemical properties provide an independent means of 

estimating ages of geanorphic surfaces. 

Soil Studies 
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Properties of soi·ls formed in late Quaternary deposits increas

ingly are being used qualitatively am quantitatively to estimate ages 

of geomorphic surfaces (cf. Birkelam, 1984). Soils are complex sys

tems, and any use of soils must first recognize how these canplexities 

affect the properties being analyzed. Thus, sane knowledge of the 

genesis of soils is a prerequisite to using them for age estimat~on. 

3enrrj (1941), in a classic work, postulated that five factors 

control the genesis of soils: climate, organisms (including fauna am 

flora), topography, parent material, am time. Ideally, to study the 

effects of one factor the other four must be held constant, though in 

practice it is seldan possible to isolate one variable. In the present 

study time is the factor of interest, so the variations in climate, 

organisms, topography, and parent material f irat must be considered. 

Climate varies substantially among the sites studied. West 

Coast sites (Figure 39) have average annual precipitation ranging from 

3500 JmIl up to 4800 nm. Marlborough sites at which soils were studied 

(Figure 39) have average armual precipitation ranging from 1000 JmIl to 

1500 iiiIIl. The general internal consistency of soil-forming processes 

wi thin these two climatic regimes is illustrated by the fact that a very 
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• Soil Study Sites: 

B Branch River 
S Saxton River 
C Charwell River 
T Toa roha River 
W - Wanganui River 
Ma - Mahitahi River 
Mo - Moeraki River 

Irigure 39. 50il cal1bration and study Sites. .Appraxiu~te 
area involved in chronosequence shown for Franz .Josef and 
Ben Ohau s1 tes. Study s1 tes are localities at which 
calibration data were used to assess ages of soils of 
unlcnoHn age. 
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limited variety of soil types is recognized on New Zealarxl soil maps 

(Soil Bureau Staff, 1968): Yellow-brown Earths fran Marlborough arxl 

Recent soils and Gley Podzols fran Westland. Acoord1ngly, soils within 

the two climatic regimes are considered separately in this study. 

Latest Pleistocene and early Holocene soils also have formed 

under changing climatic oondi tions, as the colder and locally wetter 

late glacial climate changed to Holocene interglacial climate. Climate 

change should have affected the developnent of soils, but since this 

climate change is a 1i.mction of time, the climate-triggered changes 

in soil-forming processes also are functions of time. Climate change 

is an additional canplicating factor in the study of time-deperxient 

soil properties, but if soil sequences being canpared have a similar 

climatic history, the end products of soil development after a given 

time should be canparable. 

Vegetation plays an important role in the leaching regime of 

soils (Jenny, 1941, 1980). Changes in the degree of leaching in two 

equal-aged soils forming fran identical parent materials under identical 

climatic and topographic regimes can vary drastically from sites adja

cent to and removed fran trees (campbell, 1975; BuDl and others, 1980). 

The dense podocarp and beech forests that characterize the West Coast 

of the South Island produce highly acid leaching regimes, but the 

rerooval of forest cover results in a very rapid change in the acid 

content of fluids percolating downward into the soil. Many of the soils 

studied in the Marlborough and Westland regions are from surfaces where 

podocarp and/or beech forest has been removed, in some cases up to 

600-1000 years ago, but more canmonly in the last 50-100 years. At 
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these and many other sites, forest and scrub that existed prior to 

man's occupation of New Zealand have been replaced by grasslands that 

produce lower rates of clay migration and oxidation of organic matter, 

and lower levels of leaching and downward movement of soluble salts and 

oxides in the soil (Jermy, 1980). Also, latest Pleistocene soils urner

went vegetation changes during the Holocene warming event that shifted 

the characteristic ground cover from sedges and grasses to various kinds 

of forest. Soils that have developed on geanorphic surfaces ymmger 

than dates of vegetation change will have different chemistry and IOOr

phology than soils much older than the vegetation change, while soils 

of ages near the vegetation change may have transitional properties. 

Again, the effects of vegetation change also are functions of time, 

but the timing of the vegetation changes may vary significantly fran 

site to site. 

Topography also plays an important role in soil genesis. The 

relief of a geanorphic surface affects the degree and style of soil 

formation. Poorly-drained areas in humid climates like New Zealand's 

will become water-saturated, producing reducing chemical conditions, 

while freely-drained areas are subject to oxidizing conditions. Pr0xim

ity to a free face, as at a roadcut or riverbank, also affects soil 

developnent: percolation of fluids through the soil no longer is simply 

downward, but also will have a canponent normal to the free face. 

Vegetation growing on the free face also affects soil formation as roots 

penetrate the soil from the side as well as from above, so that horizons 

in a soil that normally \'Dlld not be disrupted by roots, such as the 

C horizon, now can be. Position on a sloping geanorphic surface also 



is important, as c:lownward colluvial roovement of surficial materials 

affects degree of soil developnent. In a study of SUJJIJli t, slope, am 

basal portions of glacial moraines in california, Burke and Birkeland 

( 1983) showed that transport of material fram crest to toe of slope 

results in the developnent of truncated (partly eroded) soil profiles 

at the crest and cumulic (external additions to the soil during forma

tion) soil profiles at the base. The degree to which such processes 

influence soil developnent is a function of time. 
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Variations in the parent material fran which soils are fonned 

can affect both morphology and chemistry (Birkeland, 1984; BuDl and 

others, 1980). Well-developed stratification of alluvial ciep:lsits 

predisposes the locations of horizon boundaries. High levels of clay 

in parent materials favor the development of clay-rich soil horizons 

that may not reflect c:lownward movement or illuviation of clays. Loess 

caps generally have different rates of permeability, texture (particle

size distribution), and bulk chemistry than underlying deposits, again 

affecting the morphology and chemistry of the soils. 

Interrelationships among the soil-forming factors, particularly 

the tiine-dependence of many aspects of these factors, is a prominent 

conclusion of the foregoing discussion. Time also is an important 

independent factor in soil formation, since the degree to which soil 

morphologic and chemical changes proceed is a function of time. All 

other factors being equivalent, soil horizonation generally proceeds 

wi th increasing time, although changes in individual properties, such 

';1 1'111"1 IH'I~ and consistence, may become extremely slow. Similarly, 



the chemical distribution through a soil profile also changes with 

time, with sane canponents changing more rapidly than others. 

A chonosequence is a group of soils fran one area formed umer 

similar climatic, organic, and relief comi tions and fran similar 
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parent materials, but with different soils having formed for different 

periods of time (Stevens and Walker, 1970; Bockheim, 1980). The chrono

sequence approach--defining time-varying aspects of soils of different 

ages--is particularly useful in the study of stream terrace sequences, 

because parent material, vegetation, and climatic variations generally 

are minimal and a consistent topographic setting generally can be found 

to minimize the relief factor. When changes in soil properties are 

quantified and ages of the soils can be determined by radianetric or 

other dating, then the soils can be used for relative-absolute dating. 

This approach is used here. But f irat sane general comments on the 

genesis of soils of the study area are provided as a basis for choosing 

which properties of the soils are expected to be most time-sensitive. 

Genesis and Time-Dependent Changes of New Zealand Soils. 

Using the New Zealand classification system (Soil Bureau Staff, 1968) 

the soils that have been studied in Westland range fran Recent Soils 

(Entisols, subclass Fluvents, in the U.S. classification scheme dis

cussed by the Soil SUrvey Staff, 1975) on the youngest river terraces 

to Yellow-brown Earths (Inceptisols, generally Ochrepts) on older 

Holocene terraces and well-drained latest Pleistocene moraines and 

outwash surfaces, to Podzols and Gley Podzols (Spodosols, generally 

Aquods) on older late Pleistocene till and outwash surfaces. The 

soils studied in Marlborough include some Recent Soils on very young 



terraces, but primarily are Upland and Central Yellow-brown Earths 

on stream terraces and late-glacial deposits. 

The entisols are characterized by their lack of developnent of 

distinctive soil h;orizons (Buol and others, 1980). Only an A horizon, 

where organic material accumulates and sane leaching of soluble bases 

occurs, is developed, and the degree of developnent largely is a func

tion of the soil age. 
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The inceptisols are immature soils where soil horizonation is 

weakly to JOOderately developed (Buol and others, 1980). This generally 

involves the developnent of an A-B-C soil horizonation, where the 

B horizon is cambic, involving color change from the parent material, 

scme accumulation of iron and/or bases, and little structural develop

ment. The yellow-brown earths of Marlborough are formed under precipi

tation of 600 DIll to 1500 mm and remain between "dry" and "saturated" 

conditions at all times (Gibbs, 1980). The degree of weathering is 

weak to moderate, but the degree of leaching is moderate to strong. 

In these soils, the mineral CCAilposi tion of the parent material is an 

important constraint on the levels of highly-mobile elements such as 

calcium, magnesium, or potassium (Gibbs, 1980). Amorphous clays are 

an important constituent of many yellow-brown earths, but with increas

ing time well-ordered clays becane more dominant. Clay translocation-

movement of clays resulting in the depletion from upper horizons and 

deposition in the B horizon-genera1ly is weak to JOOderate. Most of 

these soils are well-drained, and no iron pans are present. However, 

iron and aluminum translocations can be very important, and allophane, 



an amorphous hydrous alum.ino-silicate, is reported from many yellow

brown earths in the South Island (Parfitt aOO Webb, 1984). 
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'Ihe spodosols are characterized by the presence of a spodic 

horizon, which is an illuvial (transported into) accumulation of organic 

material and free sesquioxides (oxides of iron and almninum), typically 

as amorphous colloids (Soil SUrvey Staff, 1975; SUol and others, 1980). 

The spodic horizon may be overlain by an albic horizon, which is a 

bleached zone from which most or all of the sesquiaxides and organic 

matter have been removed (Soil SUrvey Staff, 1975). '11le strongly

developed gley podzols of Westland generally are poorly;irained, often 

because of the presence of iron pans (impermeable layers of iron oxide 

deposited by ~-JOOVing fluids often interacting with groundwater) 

that may occur up to 3 m below the ground surface. Upper portions of 

these soils are constantly waterlogged and exceedingly leached (Fanner 

and others, 1984). The more weakly-developed podzols often have neither 

albic horizons nor iron pans, yet exhibit strong chemical evidence for 

translocation of sesquioxides, with alumimnn carmonly present as alla

phane (Childs and others, 1983; Mew and Lee, 1981). 

From studies of soils at many sites in central and southem 

Westland, especially the Franz Josef area, lves (in Leamy and O'Cormor, 

1973) concludes that the Westland inceptisols generally are no more 

than a fffM hundred years old. He notes that two varieties of entisols, 

"iJrmature" and "matlJre" yellow-brown earths, are found and generally are 

no older than 10 ka and 16 ka with probable best ages of 6 to 8 ka and 

12 to 14 ka respectively. He recognizes two varieties of spodosols, one 

developed to an intermediate degree and the other a strongly-developed 



gley soil, that range in age fran 12 ka to probably little IOOre than 

40 ka, depending on precipitation and degree of soil drainage. 

The age relations of Marlborough yellow-bram earths have 

not been so well detennined. campbell (1982; personal camnmication) 

and Eden (1982) have studied a chronosequence of yellow-grey earths 

in the lower Awatere Valley, but these soils are formed 1mder drier 

con::litions than those of the study sites. No canparable analysis 

is available for t1me-dependent changes in yellow-brown earths. 

Wi th these soil arrl age relations in mind, a two-tiered system 

of so11 analyses was used to examine time-dependent changes in soils 
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at various sites in Westland and at four chronosequences in Marlborough 

(Figure 39). First, field descriptions of soils provide morphologic 

data which are quantified through the index approach developed by 

Harden (1982). Second, laboratory analyses of soil chemistry focused 

on those canponents expected to be most readily mobile in the Westland 

and Marlborough soils. Both techniques are calibrated by reference 

to well-studied chronosequences at Franz .Josef (Stevens, 1968; MJlo1\a 

and others, 1973), Reef ton (campbell, 1975), the Ben Ohau Range (Birke

land, in press), and selected dated surfaces (Buller River and Charwell 

River) in Marlborough. 

Soil M::>rphology. Bilzi and Ciolkosz (1977) proposed a field 

JOOrphology rating scale for comparing relative degree of soil develop

ment. Harden (1982) extended this approach to the determination of 

an index of relative soil developnent. Using this index, Harden and 

Taylor (1983) argued that some aspects of soil morphology--texture, 

rubification (so11 reddening), clay films, and soil consistence--develop 



systematically with age and apparently independent of climate for 

similar parent materials. Thus a quantification of soil morphology 

can serve as a useful age indicator. 

The index approach developed by Harden emphasizes changes that 

are produced by increasing concentrations of clay in soils. Clay 

accmnu!ation may not be the most important process in the young New 

Zealand soils. Up to 13 aspects of soil morphology were found useful 

in studying the New Zealand soils, and many of these do not depend 
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on clay developnent. The variables include rubification and its inverse 

color paling (a function of increasedgleying in the soils), texture, 

coatings on cobbles, degree of cobble weathering, developnent of clay 

films, developnent of mottling in the soil, structure, dry and moist 

consistence of the soil, melanization (soil darkening) and its inverse 

color lightening or leucinization (a function of decreasing organic 

content or chemical changes to light-colored organic materials), and 

decrease in soil pH. 'nlese properties are described in more detail 

in Appendix D. As many of these properties as possible are measured 

for each horizon of a soil. Points are assigned based on how much 

change a property has in one horizon compared to unweathered parent 

material. These assigmnents are normalized by the total number of 

points available for any property, as discussed in Appendix D. The 

sum of normalized properties is divided by the number of properties 

and mul tipl1ed by horizon thickness. The sum for a pedon (single 

description location) is computed, or the distribution of horizon 

index points can be examined. A Weighted Profile Index is computed 

by dividing the total index by the soil thickness. 



A critical aspect of this Profile Developnent Index is the 

definition of properties of unweathered parent material. Ideally 

the parent material will be obtained for each profile studied. But 

most New Zealand soils that are more than a few hurXlred to a few thou

sand years old have deep weathering regimes. It is probable that 
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depth of weathering of latest Pleistocene deposits in Westland exceeds 

five meters, perhaps more than 10-15 m in sane places. So it is rarely 

possible to eval~te the 'Ilmieathered parent material. One of three 

approaches has been used here. 

First, the basal portions of the youngest tel:Tace deposit are 

used as the reference parent material for sequences of terraces or 

other surfaces. This approach assumes that little change has occurred 

in the nature of parent material during the period of terrace develop

ment, which in general probably is a reasonable assmnption. Second, 

if a single geanorphic surface is examined, the deepest part of the 

soil profile that was sampled is used as parent material. COmmonly 

this portion of the profile is slightly weathered, so in these instances 

the "parent material" values are altered frc:an true unweathered parent 

material and the resulting index values probably will be lower than 

they should be. Third, a reference parent material typical for similar 

deposi ts, such as a modern stream deposit as a parent material for a 

terrace deposit, is used for a few West coast soils for which the 

weathering of the deepest exposed horizon was considered excessive. 

The profile index for soils whose parent materials differ substan

tially from the reference parent material will be in error by an unknown 

ammmt, although changes greater than about 25% are highly unlikely. 
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The morphologies of soils of the Charwell River terrace sequence 

prmride a good illustration of the teclmique. Table 8 prmrides morpho

logic data from field descriptions of the soils. The reference parent 

material for most of the soils was obtained fran the base of the Terrace 

11 deposits. The parent material for the ycn.mg fan, dated at 840;t60 

yr b.p. (A-3536), differs, since it has a different source, and the 

loess cap of the aggradation terrace (the top 40 em of the soil) also 

has a different parent material. 

Table 9 shcMs the point values assigned to the morphologic pro

perties for each horizon of each terrace, according to the point assign

ment criteria Sl.DJIDarized in Appendix D. Normalized data, horizon 

indices, and pedon totals (the Profile Developnent Index) also are 

supplied. If the age estimates obtained from weathering-rind studies 

are used, profile index changes with time as shown in Figure 40. A 

good correlation between increasing profile index and increasing age 

is shown for all degradation terraces except Terrace 11. The Terrace 

11 soil is thicker than expected, and this increased horizon thickness 

accounts for the increased profile index relative to Terrace 7. If 

thicknesses of Terrace 11 horizons were similar to those of Terrace 7, 

the profile index for Terrace 11 would be only 26.05, furthering the 

time-dependent trend. The horizon thickening may be a function of the 

location of the pedon: the Terrace 11 soil was described at a stream

bank near a fault zone, where movement of fluids and thus leaching 

should be more rapid than at sites fMay from such an active free-face. 

The aggradation surface has an unexpectedly low profile index, indica

tive of a different parent material from the reference, a truncated 



TABLE 8 

foI)RPHOLOGrc DATA, CHARWELL RIVER SOrIS 

CONSIS'l'm:E 0JUlR COA'l'IM>S 
SOIL HORIzcm TEX'l'URE DRY KlIST WET DRY WET S'l'RreTtlRE THICK CONT CL PIIM MJ'l"lU:S H2O pH NaF pH C7ltIP.R 

Ag. Ah s11 sh-h - ss,sp IOYR4/2 10YR3/2 I ID cr none none 5.4 
AB sl sh-h - ss,sp 10YR5/3 lOYR4/4 1 m sble none none 5.6 

2Btl 61 sh 65.p;J lOYR4/4 7,5YR4/4 2111 sbk thin disc, none 5,B 
2Bt2 Is sh fr-fi as ,po lOYR6/4 lOYR4/4 2 m sble thin disc. none 6.0 
2Bt3 Is h-4Jh ti -vti sa, po lOYR6/4 IOYRS/4 2 m abk thin cant none 6.0 
2&1 Is fr ss,po IOYR6/3 2.5Y4/4 sq thin cant none 5.8 
2Cox Is h so,po 10YR6/3 2.5Y4/3 m thin disc none 6.2 

Tl Ah s11 sh fr-fi ss,sp lOYR4/2 l0YR3/2 2 mat« none none 4.5 
AB s11 fi ss,sp IOYR4/3 10YR3/3 2 m-c able none none 4.6 

Btl c1511 vfr ss,p/sp l0YR7/4 lOYRS/6 1 f cr v thin disc none 5.5 
Bt2 sl vfr-fr ss,sp/po lOYR6/4 10YR5/6 1 vf cr, thin cant none 6.0 

2 m sble 
Bt3 Is fr-fi ss,po 10YR7/4 lOYR4/4 3 f-m able thin cent none 6.2 
CoX Is h ss,po 10YR5/4 2.5Y5/4 m none none 6.5 

T3 Ah sil,g sh ss,sp 10YR3/2 10YR2/1 2 m sble v thin disc none 5.5 clear 
Boil ail,g h-13h ss,sp IOYRS/4 10YR4/3 2 f-m st« v thin disc none 6.0 pink 

to 3/3 to 3/3 
Btl sl1,co sh ss,sp 10YR6/4 lOYR4/4 2 f-m sble thin disc none 6.4 mauve 
B<i2 sl,co sh-h ss,po l0YR5/4 l0YR3.5/4 m thin cant none 6.5 blue 
Cox sl.co sh-h sa ,po 10YR6/4 10YRS/4 ID V thin disc none 6.5 clear 
CU? Is h ss,po lOYR4/3 10YR4/4 m none none 6.8 clear 

T7 Ah s11 fr ss,po lOYR4/2 10YR3/1 1 ID sble none none 5.8 
Boi sl fr-fi so,po lOYRS/4 lOYR4/4 1 f cr, thin disc none 6.0 

1 f sble 
Cox Is lo-vfr so,po 10YR5/3 lOYR4/4 sq, 1 f cr v thin top none 6.5 

CU 5 eh so,po lOYRS/3 2.5Y4/3 m none none 7.0 
Tll Ah sil,g h ss,sp lOYRS/l 10YR2/2 2 c sble none none 5.9 

Boi sl1,g h ss,sp lOYR6/4 lOYR4/4 2 c sble none none 6.0 
Cox sl,co sh ss,sp lOYR4/6 10YR3/4 1 m sble none none 6.2 

CU S,co sh so ,po 2.5Y6/2 2.5Y4/2 sg none none 6.4 
Fan Ah sl,g sh ss,po 10YR3/3 10YR2/3 1 f cr none none 5.8 

AC al,s,g sh so,po lOYR4/3 10YR2/3 1 f cr none none 6.0 
CU s,sq sh-10 so,po lOYR6/4 lOYR4/3 m none none 6.5 

NOTE: Exp1anatims of abbreviations in Table D2. 
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Site 
Soil 
Horizon 
Thickness 

Quantified 
Rubification 
Gleying 
Texture 
Coatings 
Cobble Weath. 
Clay Films 
Structure 
Dry Consist. 
Moist Cons. 
Darkening 
Lightening 
pH Decrease 

Nonnalized 
Rubification 
Gleying 
Texture 
Coatings 
Cobble Weath. 
Clay Films 
Structure 
Dry Consist. 
Moist Cons. 
Darkening 
Lightening 
pH Decrease 

TABLE 9 

PROFILE INDEX DATA, ~ RIVER SOILS 

Charwell River 
Aggradation SUrface Terrace 1 

Ah AB 2Btl 2Bt2 2Bt3 2Bw 2Cox Ah AB Btl Bt2 
30 10 30 25 40 25 150 25 10 25 30 

0 10 70 60 60 40 30 20 40 80 80 

20 20 30 20 20 20 10 40 40 45 35 
0 0 20 20 30 30 20 0 0 15 30 

20 20 40 40 40 0 0 40 40 20 40 
5 5 20 20 35 30 20 30 

25 35 20 25 30 10 15 
20 0 20 0 0 0 30 30 

10 20 10 
1.3 1.1 1.2 1.0 1.0 1.2 0.8 2.5 2.4 1.5 1.0 

0.00 0.06 0.39 0.33 0.33 0.22 0.17 0.11 0.22 0.44 0.44 

0.22 0.22 0.33 0.22 0.22 0.22 0.11 0.44 0.44 0.50 0.39 
0.00 0.00 0.40 0.40 0.60 0.60 0.40 0.00 0.00 0.30 0.60 

0.29 0.29 0.57 0.57 0.57 0.00 0.00 0.57 0.57 0.29 0.57 
0.05 0.05 0.20 0.20 0.35 -- 0.30 0.20 --

-- 0.25 0.35 0.20 -- 0.25 0.30 0.10 0.15 
0.25 0.00 0.25 0.00 -- 0.00 0.00 0.38 0.38 --

-- 0.18 -- -- 0.33 0.17 
0.37 0.31 0.34 0.29 0.29 0.34 0.23 0.71 0.69 0.43 0.29 

SUm Normalized 1.18 0.93 2.48 2.26 2.89 1.58 1.21 2.66 2.60 2.39 2.61 
# Properties 7 7 7 8 8 7 7 8 7 7 7 
SUm/Number 0.17 0.13 0.35 0.28 0.36 0.23 0.17 0.33 0.37 0.34 0.37 
Horizon Index 5.06 1.33 10.6 7.06 14.5 5.64 25.9 8.31 3.71 8.54 11.2 

Prof He Index 
Weighted Index 

70.10 
10.226 
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TABLE 9-<:Ontinued 

Site (Charwell River) 
Soil (Ter. 1) Terrace 3 Young fan 
Horizon Bt3 Cox Ah Bwl Bt Bw2 Cox CU Ah AC CU 
Thiclaless 60 150 35 7 15 34 44 85 10 10 30 

Quantified 
Rubification 60 50 20 45 60 60 60 50 0 0 0 
Gleying 
Texture 20 20 40 40 40 30 30 20 30 15 0 
Coatings 30 0 15 15 20 30 15 0 0 0 0 
Cobble Weath. 
Clay Films 
structure 50 0 40 40 40 0 0 0 20 20 0 
Dry Consist. 30 20 25 20 25 25 30 10 10 0 
r-iJist Cons. 25 
Darkening 10 50 25 0 15 10 20 10 10 0 
Lightening 10 10 0 0 0 0 0 0 0 0 0 
pH Decrease 0.8 0.5 1.5 1.0 0.6 0.5 0.5 0.2 0.7 0.5 0.0 

Nonnalized 
Rubification 0.33 0.28 0.11 0.25 0.33 0.33 0.33 0.28 0.00 0.00 0.00 
Gleying 
Texture 0.22 0.22 0.44 0.44 0.44 0.33 0.33 0.22 0.33 0.17 0.00 
Coatings 0.60 0.00 0.30 0.30 0.40 0.60 0.30 0.00 0.00 0.00 0.00 
Cobble Weath. 
Clay Films 
Structure 0.71 0.00 0.57 0.57 0.57 0.00 0.00 0.00 0.29 0.29 0.00 
Dry Consist. - 0.30 0.20 0.25 0.20 0.25 0.25 0.30 0.10 0.10 0.00 
Moist Cons. 0.25 --
Darkening - 0.13 0.63 0.31 0.00 0.19 0.13 0.25 0.13 0.13 0.00 
Lightening 0.17 0.17 --
pH Decrease 0.23 0.14 0.43 0.29 0.17 0.14 0.14 0.06 0.20 0.14 0.00 

SUm Nonnalized 2.51 1.24 2.68 2.41 2.11 1.84 1.48 1.11 1.05 0.83 0.00 
# Properties 7 8 7 7 7 7 7 7 7 7 7 
SUm/Number 0.36 0.16 0.38 0.34 0.30 0.26 0.21 0.16 0.15 0.12 0.00 
Horizon Index 21.5 23.3 13.4 2.41 4.52 8.94 9.30 13.5 1.50 1.19 0.00 

Profile Index 76.51 
weighted Index 0.255 

52.05 
0.237 

2.69 
0.054 
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TABLE 9--COntinued 

Site (Charwell River) 
Soil TeI"l'ace 7 Terrace 11 
Horizon Ah Bw Cox au Ah Bw Cox au 
Thickness 25 30 35 120 50 40 40 120 

Quantified 
Rubification 20 60 50 30 20 40 60 0 
Gleying 
Texture 30 20 10 0 40 40 40 0 
Coatings 0 20 15 0 0 0 0 0 
Cobble Weath. 
Clay Films 
Structure 30 30 20 0 40 40 30 0 
Dry Consist. 50 30 30 20 0 
Moist Cons. 20 25 5 
Darkening 30 10 10 10 30 0 30 0 
Lightening 
pH Decrease 1.2 1.0 0.5 0.0 1.1 1.0 0.8 0.6 

Normalized 
Rubification 0.11 0.33 0.28 0.17 0.11 0.22 0.33 0.00 
Gleying 
Texture 0.33 0.22 0.14 0.00 0.44 0.44 0.44 0.00 
Coatings 0.00 0.40 0.30 0.00 0.00 0.00 0.00 0.00 
Cobble Weath. 
Clay Films 
Structure 0.43 0.43 0.29 0.00 0.57 0.57 0.43 0.00 
Dry Consist. -- 0.50 0.30 0.30 0.20 0.00 
Moist Cons. 0.20 0.25 0.05 --
Darkening 0.38 0.13 0.13 0.13 0.38 0.00 0.38 0.00 
Lightening 
pH Decrease 0.34 0.29 0.14 0.00 0.31 0.29 0.23 0.17 

SUm Normalized 1.79 2.05 1.30 0.80 2.11 1.82 2.01 0.17 
# Properties 7 7 7 7 7 7 7 7 
SUm/Number 0.26 0.29 0.19 0.11 0.30 0.26 0.29 0.02 
Horizon Index 6.39 8.79 6.50 13.7 15.1 10.4 11.5 2.91 

Profile Index 
Weighted Index 

35.39 
0.169 

39.87 
0.159 
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NOTES: Total point values: rubification--180; texture--90; coatings--
50; structure--70; dry cons. -- ( 5Ox2); moist cons. -- ( 50x2) ; 
darkening--80; lightening--60; pH decrease--3.5. 
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Table 16. 
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soil profile, or both. The location of the sampling site at the crest 

of a riser suggests the likelihood of profile truncation. 

Data for calibration of soil IOOrphology indices were obtained 

fran b«> well-studied chronosequences in Westland, supplemented by 

data from the Okuru River dated soil site, and a few sites in Marl

borough, including a chronosequence of soils from terraces of the 

Buller River and the dated fan at Charwell River. Additional data 

fran the Ben Ohau Range in the eastern Southern Alps (Birkeland, in 

press) are used for comparison. M:>rphologic data and index data are 

provided in Appendix D for all calibration sites. Profile Index and 

Weighted Profile Index values for calibration sites, as well as fault

study sites, are listed in Table 10. 
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Descriptions of the Franz Josef sequence obtained from Bruce and 

Childs (1981) do not include all properties used in the index analysis, 

so profile indices are minimal values for the Woo!bat and Okarito soils. 

The Woo!bat and Douglas Track soils are gleyed variants because of 

poorly-drained topographic positions, so their degree of profile devel

opne:nt is greater for a given age than well-drained soils like the 

Okuru site (cf. campbell, 1975). However, a good correlation between 

time and profile index is seen in Figure 41 for the Franz Josef and 

Okuru soils. 

The Reef ton soils, described by campbell (1975), also have 

descriptions lacking many of the properties used for the index malysis 

(see Appendix D), so that profile indices are minimum values. campbell 

estimated ages based on SUggate's (1965) glacial chronology and are 

probably are overestimates for most of the terraces. His Iy terrace 



Site 

Franz Josef 

Okuru River 
Reef ton 

Buller River 

Ben Ohau 

wanganui River 
t-beralti River 
Mahi tahi River 
Toaroha River 
Branch River 

Saxton River 

Grey River 

Edwards River 
Clarence River 

Charwell River 

TABLE 10 

PROFILE INDEX VALUES, ALL SITES 

SUrface 

Okarito 
wanbat 
Douglas Track 
Peters Pool 
Terrace 
~ Terrace 
10 Terrace 
Iy Terrace 
HO Terrace 
Terrace 1 
Terrace 4 
Terrace 6 
Terrace 9 
Birch Hill 
Ferintosh 
Jacks Stream 
Dun Fiunary 
Moraine 
Moraine 
Terrace 
Terrace 
Aggradation 
Terrace 3 
Terrace 5 
Terrace 6 
Terrace 1 
Terrace 2 
Terrace 4 
Terrace 5 
Terrace 4 
Terrace 5 
Scotties camp 
Terrace lw 
Terrace 2w 
Aggradation 
Terrace 1 
Terrace 3 
Terrace 7 
Terrace 11 
Fan 

Profile Index 

93.31 
37.18 
18.32 
9.09 

38.13 
45.84 
24.09 
20.53 
19.17 
40.33 
28.07 
15.04 

7.31 
17.64 
16.08 
11.20 

1.16 
71.86 
69.12 
25.25 
3.23 

54.43 
51.56 
35.81 
19.23 
53.36 
52.10 
12.32 
11.25 
13.92 

7.60 
11.05 
28.69 
20.93 
70.10 
76.51 
52.05 
35.39 
39.87 

2.69 

Weighted Index 

0.479 
0.496 
0.153 
0.091 
0.107 
0.350 
0.236 
0.226 
0.304 
0.259 
0.255 
0.209 
0.114 
0.28 
0.24 
0.28 
0.02 
0.257 
0.230 
0.174 
0.047 
0.227 
0.206 
0.163 
0.096 
0.232 
0.208 
0.077 
0.250 
0.199 
0.173 
0.119 
0.239 
0.174 
0.226 
0.255 
0.237 
0.169 
0.159 
0.054 
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NOTES: Ben Ohau data fran Birkeland (in press), other data from Tables 
9 and 04. 
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probably is 5-10 ka, his Io terrace is 10-12 ka, and his All terrace 

is 14-16 ka. These ages are used in Figure 4l. 

The soil of Terrace 1 from Buller River probably is somewhat 

truncated, so the profile index value is a minimum. Age estimates 
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for the other Buller River terraces are from weathering rinds. The 

soils from the Ben Ohau Range (Birkeland, in press) are fonned under 

climatic conditions that are at the extreme range for the Marlborough 

study sites, about 1000 111m average precipitation and 4°C mean annual 

temperature--s.1milar to the Saxton River site. Ages for these surfaces 

are from weathering-rind analysis. In general, the Marlborough soils, 

fonned in drier conditions from greywacke-daninated parent materials, 

rather than schist-dominated parent materials as at Franz Josef, have 

lower profile indices for a given age, consistent with the slower rates 

of soil formation that appear to characterize these two regions. 

The Westland calibration data allow age estimates of West 

Coast soils formed from schist~nated parent materials. These 

estimates have a precision of between 20% and 40%, given the variability 

in the calibration data and the uncertainty in most calibration ages. 

The Marlborough data cannot be used with a s.1milar level of confidence, 

as an insufficient data set exists for calibration. However, the 

Buller River and Ben Ohau soils serve as guides in assessing relative 

soil ages in a following section. 

Soil Chemistry. As soil eluviation (removal and translocation 

of material) and illuviation (deposition) proceed, the chemical composi

tions of soil horizons change. For unifonn climate and parent mate:dal, 

the amounts of Fe and A1 in soils that is incorporated into amorphous 



clay minerals or is unl:x:n.mded in minerals, tenned "free" Fe and Al, 

is time-dependent (Birkeland, 1984; Arduino and others, 1984; Childs 

and others, 1983). The extent of depletion of ca, Ml, K, and other 

base elements fran upper soil horizons is time-dependent (Gibbs, 1980; 

SUol and others, 1980). The distribution of phosphorus in the soil 

also is time-dependent and changes very rapidly in New Zealand soils 

(Walker and Syers, 1976). The distributions in a soil ch.ronosequence 

of these chemical canponents that are sensitive to time should be 

usable as a relative-absolute age indicator if properly calibrated. 

As with most other teclmiques used in this study, soil chemistry pre

viously has been used principally as a relative-age indicator, and 

the present study constitutes an effort to extend this to a relative

absolute technique. Soil chemical data also provide a primary means 

of examining the genesis of soils. This is not a direct interest 

of the present study, however, so implications of chemical data for 

genesis of New Zealand soils will be addressed here only insofar as 

it assists in the analysis of time-dependent soil behavior. 
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Systematic chemical changes are anticipated during the develop

ment of latest Pleistocene and Holocene soils in both Marlborough and 

Westland, just as systematic changes in morphology have been recog

nized. The changes occur in the portions of the soil that is available 

to be moved in the soil envirorunent--the soil plasma--and this includes 

only part of the total soil. Most of the chemical components of most 

young soils, particularly the entisols and inceptisols, are still part 

of unweathered sand and silt grains, so are not part of the plasma. 
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Many approaches have been used by soil scientists to examine 

chemical changes in soil chronosequences. Total element analyses, 

whether by wet chemistry (eg. campbell, 1975; Muir and Logan, 1982), by 

X-ray fluorescence (eg. Childs, 1975), or by other methods, provide data 

on total cuJlposition of soils. Generally such analyses are conducted 

on the sand-sil t-clay «2 DID) fraction of the soil, as chemical changes 

and weathering are concentrated in these finer p:»rtions of a soil. 

However, finer fractions, such as the clays, may enhance the trends 

seen in soil chemistry (Birkeland, 1984), since most of the soil plasma 

is found in the finer fractions. 

Certain extracts fran soils also are extremely useful in the 

analysis of time-dependent chemical changes. Extraction of iron and 

aluminum by oxalic acid solution concentrates the amorphous hydrous 

oxides and sane organic-oound Fe and Al (Schwertman and Fischer, 1973; 

Childs and others, 1983; McKeague and others, 1971), which are the 

most rapidly-formed compounds of mobilized Fe and Al in young soils 

(McFadden, 1982), including those in New Zealand (V. Neall, personal 

ccmnunication). Pyrophosphate treatment of soils extracts organic

bound Fe and Al, while di thioni te-ci trate treatment probably removes 

all forms of Fe not bound in silicate minerals (McKeague am others, 

1971; Birkeland, 1984). Fractionation of phosphorus into organic 

and inorganic p:»rtions has proved to be a useful approach in examining 

t~t behavior of and fertility in New Zealand soils (Syers 

and walker, 1969a, 1969b; Syers and others, 1969). 

In order to examine changes in soil chemistry using any of 

these or other techniques, it is necessary to recognize those p:»rtions 
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of the total or extractive chemistry that are moving through the soil-

that is, quantify the eluvial and illuvial portions of the soil. Muir 

and Logan (1982) have proposed the use of eluvial/illuvial coefficients 

which are normalized to parent material and to relatively immobile 

elements in the soil envirorunent such as zirconil.DJl, titanil.DJl, or sili

con. Total element analyses indicate the relative concentration of 

elements in anyone horizon or sampling interval, but normalization to a 

relatively immobile element allows the comparison of elements to a 

reference frame fixed through the profile. Normalization to unweathered 

parent material allows the analysis of gains or losses in the soil 

profile, since this normalization removes the effect of the unweathered 

grains within various soil horizons. Thus, use of eluvial/illuvial 

coefficients allows an examination of chemical changes in the soil 

plasma, as a function of d..-oopth for a particular soil, and as a function 

of time for different soils of a chronosequence. 

For this study, the choice of techniques was motivated by 

a desire to obtain the most pertinent data on gains and losses without 

excessive laboratory analyses. After extensive discussions with p. 

Tonkin of Lincoln College, Canterbury, and V. Neall of Massey Univer

sity, b«> principal approaches were chosen. Analyses of total element 

concentrations were conducted by XRF following the procedures described 

in Appendix E. Analyzed elements include Si, Al, p, ca, Ti, Fe, Na, 

K, ~, Mn, and Zr. Extraction by the acid oxalate technique also 

was performed following the procedures in Appendix E. Measurements 

were made by atomic absorption spectrometry for Fee and Alo extracted 

by this technique. Eluvial/illuvial coefficients were calculated for 



the elements analyzed by XRF, with Zr and (in sane cases) Ti used 

as normalizing elements. Oxalate data were normalized to Feo and 

Alo in the parent material. 
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The choice of parent material for normalization of soil chemis

try was not always straightforward. Although nearly am{ 'l.Jl1WIeathered 

portion of a terrace or moraine deposi t could be used for characterizing 

the parent material morphology, there may be enough variability in the 

chemical canposi tion of parent material from one part of a deposit to 

another, due to differing hydrologic conditions in different parts of 

a deposit, that it is preferable to obtain parent material from the 

location of the described pedon. In many cases it is not possible to 

obtain '\lmEathered material from a pedon due to depth of leaching and 

soil formation, so in these cases the "parent material" is really an 

oxidized C horizon. Pedogenic weathering probably occurs to several 

meters depth in most of the soils studied, particularly on the West 

Coast, so cOJ1lJlOnly no 'Ul"JWeathered material has been sampled. 

The use of slightly-weathered parent material as a normalizing 

factor will not change the pattern of chemical changes observed in a 

soil profile, but it will likely affect the degree of change. The 

eluvial/illuvial coefficients generally produce positive values for 

gains in a particular horizon or sampling interval relative to the 

parent material and negative values for losses. If the "pa.""ent mater

ial" itself is slightly weathered, then each coefficient in a profile 

is shifted either to higher or lower values compared with what it would 

show if normalization could be made to unweathered materials. In some 



cases, then, positive coefficients actually can occur in zones of 

losses for a chemical canponent. 

Sampling of soils for chemical analyses coolOOllly is made by 

taking a continuous column of material from a defined soil horizon 
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(eg. Soil Bureau Staff, 1968; campbell, 1975). The <2 JIIJl fraction is 

analyzed, and in sane cases silt and/or clay fractions and the >2 JIIJl 

fraction are analyzed separately. The results are averages for the 

horizon. However, in many situations chemical changes in soils do not 

mimic morphologic changes I so sampling by horizon ca., obscure important 

chemical information (P. Tonkin, personal communication). Sampling 

of most sites accordingly was by uniform sampling interval, generally 

20 em in thickness, with additional sampling intervals dictated by 

presence of important morphologic boundaries. The deepest available 

portion of the soil was used as "parent material." 

The upper 10 ern or so of some of the soils have been affected 

by chemical fertilization for growth of pasture; this fertilization 

will have a particularly great effect on phosphorus concentrations. 

Thus, the upper 10 ern of soils that have undergone pasturization were 

not sampled in this stduy. 

Sampling of some of the soils, particularly those of the Franz 

.Josef sequence and at Buller River, was corrlucted by horizon, not 

by fixed interval. Sampling of these soils was completed during the 

1982 field season, when a horizon-sampling teclmique was being used, 

and it was not feasible to resample during the 1983-84 field season. 

Detailed analyses of soil chemistry were confined to the West 

Coast sites and three chronosequences in Marlborough--Branch River, 
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Saxton River, and Charwell River. Chemical analyses were conducted 

for b«> soils fran the Franz .:Josef sequence and fran the Okuru River 

soil to provide a calibration for age assignments of West Coast soils. 

calibration of the Marlborough chronosequences was not possible because 

of lack of soils of known age. However, the Marlborough data are useful 

for relative dating and as a check on the reliabili tv of age estimates 

from other techniques. These are discussed later in this chapter. 

The West Coast soils exhibit prominent chemical changes with 

increasing age. Raw analytical data for all sites are canpiled in 

Appendix E. Eluvial coefficients computed fran these data (see Appendix 

E for procedure) are canpiled in Table 11 for the calibration sites. 

Table El provides acid-mcalate data for the West Coast soils, and the 

normalization to parent material values is shown in Table E4. The 

calibration data are considered here; the study site data are considered 

in a later section. 

concentrations of total iron shcMsane clear variations among 

the three soils considered for calibration (Okuru, Wcxnbat, and Okarito, 

with ages of about 2 ka, 5 ka, and 22 ka or greater respectively). 

The Okuru soil shows a slight iron bulge between 20 and 70 em in the 

B horizon, while the t-kmbat and Okari to soils exhibit substantial iron 

depletion in the albic horizons (Figure 42). The mottled SJ;XXiic B hor

izon of the Okarito soil shcMs a strong iron peak, probably due to 

inclusion of high-iron mottles in the sample that was analyzed. The 

degree of iron depletion in the Wcxnbat and Okarito soils is partly a 

function of the poorly-drained conditions that have favored the rapid 

developnent of leached albic horizons. A lower degree of leaching 



SOIL 

Okarito 

TABLE 11 

ELUVIAL COEFFICIENTS E'R(II! TOTAL CHEMICAL ANALYSES 
WEST COAST CALIBRATION SITFS 

DEPTH ELUVIAL COEFFICIENTS FOR OXIDES 
M M P ~ ti ~ ~ K ~ ~ 

8 -13.38 -14.11 -38.19 -16.16 -0.04 1.98 -14.95 -30.19 -38.81 10.40 
25 -1.18 -3.01 -20.06 -5.22 1.58 21.82 -8.86 -13.50 -0.69 5.43 
45 -6.12 -1.60 -1.15 -2.14 6.10 20.32 -5.10 -9.34 -2.14 12.54 
65 1.13 3.98 -29.30 -4.44 1.05 23.80 -1.11 -3.15 3.90 9.84 
85 -1.14 -3.61 -4.~3 -2.14 3.18 11.52 -8.11 -4.43 -0.25 8.58 

105 -2.53 -1.51 -1.09 0.15 11.15 21.90 -6.39 -2.28 2.86 11.88 
5 -9.11 -14.05 -60.95 -61.96 -24.80 -21.82 8.88 -42.84 -34.12 -54.88 

15 -44.28 -46.42 -90.13 -83.31 -45.48 -45.62 -44.61 -60.52 -56.23 -11.96 
48 16.26 16.28 -81.40 -60.29 3.36 14.40 12.02 -9.30 5.03 -38.95 

5 -59.10 -83.29 -95.55 -90.50 -45.93 -81.99 -83.18 -81.49 -91.25 -81.15 
25 -58.81 -85.96 -100.0 -96.28 -52.58 -94.61 -81.85 -90.98 -96.15 -86.46 
53 1.81 -20.24 -19.14 -41.08 4.11 20.03 -29.22 -42.34 -35.21 -33.44 
98 10.56 -15.10 -41.04 -23.03 2.36 -21.99 -3.46 -41.04 -31.05 -20.42 
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would be present in well-drained soils of similar age. In addition to 

the acid-axalate data obtained fran these soils, published data were 

used from four other soils of the Franz .Josef sequence (Figure 42). 
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The data for the Lower ~t (age ca. 1 ka) and Mapourika (ca. 12 ka) 

soils are from fttJkma and others (1973) and the data for the Peters Pool 

(ca. 0.1 ka) and Douglas Track (ca. 0.5 lea) soils are from Bruce and 

Childs (1981). L.i ttle variability is seen in Fee (oxalate-extractable 

iron) in the two youngest soils. The Lower Wombat soil exhibits an 

iron bulge in the upper 20 em, while the wanbat soil shcH; a bulge 

in Feo throughout the B horizon. Both the Okuru and Mapourika soils 

exhibit two bulges, one at the surface and one in the B horizon. 

The Okarito soil exhibits a depletion in the albic horizon, and the 

sample analyzed here has a strong bulge in the spodic horizon. MJkma 

and others (1973) and Bruce and Childs (1981) do not find such a bulge 

in the spodic horizon. These published results are considered a JOOre 

reliable indicator of the total soil chemistry than the results obtained 

in this study, due to the inclusion of high-Fe mottles here. Thus, 

Fee appears to peak in West Coast soils at about 12-14 ka and drop 

off in older soils due to increased leaching and possibly increased 

ordering of clays. 

Aluminum shcH; similar, though generally less pronounced, 

changes (Figure 43). A slight bulge is recognized in total aluminum 

in the Okuru soil, wh.i.le a substantial depletion is apparent in the 

upper horizons of both the Wombat and the Okarito soils. The Wombat 

B horizon shcH; a gain in total aluminum relative to other horizons, 

and a relative gain also is seen in the Okarito soil, although again 
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this latter result is due to the sampling properties noted above. A 

much clearer trend is apparent in the A10 data. The older 8Oils-

Okarito and Mapourika--show strong depletion of A10 in the upper hori

zons and enrichment in the B horizon. M:lkma and others (1973) obtained 

lower values for A10 in the Okari to soil, and a similar drop-off in 

Alo is recognized by campbell (1975) from the Reef ton sequence. This 

indicates a drop-off in A10 with time after a peak is reached at around 

12-14 ka, perhaps due to increasing ordering of the Al-containing clays. 

Consistent patterns of change are found for magnesium, potas

sium, and calcium, three base metals that are rapidly leached under the 

high precipitation and acid soil regimes characterizing these west Coast 

soils. Potassium exhibits slight to moderate leaching in the Okuru 

soil, moderate leaching in the Wcmbat soil, and extreme leaching in· the 

Okarito soil, particularly the upper horizons (Figure 44). Strong 

leaching of calcium is seen from the Wcmbat and Okarito soils, while the 

Okuru soil shows possible slight gains in ca in the C horizon. Magne

sium is moderately to strongly leached fran upper horizons of all 

three soils, with less leaching in B horizons; indeed, some gains in 

M;J in the B horizon may be present in the 2 ka and 5 ka soils. 

Phosphorus also is a readily-mobilized canp:ment of these 

soils. Walker and Syers (1976) note a systematic decrease in total P 

wi th increasing age in the Franz .Josef sequence. A similar pattern is 

observed in the eluvial coefficients obtained in this study (Figure 45). 

Depletion of phosphorus is complete in the albic horizon of the Okarito 

soil and is extreme throughout. The Okuru soil exhibits moderate 

phosphorus depletion, while the gleyed Wanbat soil is highly depleted. 
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Age estimates fran soil calibration data involve canparing 

profiles of soil chemistry at sites of unknown age to sites of known. 

age, and canparing profile indices between sites. These estimates 

are provided wi thin the follCMing section. 

Faul t Study Sites 
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Now that a geanorphic framework has been established to guide 

the interpretation of faulted stream terraces and glacial moraines, and 

techniques have been developed to estimate the ages of the faulted 

geanorphic surfaces, the study sites can be discussed more fully. Most 

of the sites are described in Appendilx A, and displacement data and 

dating techniques are indicated therE~ as well. However, several sites 

were studied in greater detail than the others, and these are discussed 

here to serve as examples of displacE!JIleIlt measurements and dating tech

niques. The results of age estimation for all sites also is included 

in this section. 

Moeraki River 

Al though late-glacial advances down most of the valleys draining 

westward from the Southern Alps extended well beyond the mountain 

front, few glacial moraines are preserved at or across the Alpine 

fault due to extensive post-glacial fluvial activity. The Moeraki 

River is an exception, so provides an important source of data for 

latest Quaternary displacements of the central Alpine fault. 

The Moeraki River crosses the Alpine fault in a gorge that is 

1200 m deep upstream and 900 m deep downstream from the fault. The 

river is deflected about 1. 7 Ion northward at the Alpine fault, an 



amount similar to many other West Coast rivers (Wellman, 1953; Hardy 

and Wellman, 1984). The age of this displacement cannot be determined 

readily, as there is no iOOication of how old the canyon is. 

Late-glacial moraines parallel the river through this bend 

(Figure 46). On the north bank of the river the moraine has two well

def ined parallel crests. Both moraine crests are offset where they 

cross the late Quaternmy trace of the Alpine fault. Al though no 

field measurements of the offset were made due to thick forest cover, 

measurements from aerial photographs indicate right-lateral offset 

of 250 to 335 m with a best value of 280 ± 30 m (Table 12). The large 

variation in displacement values is due to the oblique angle at which 

the moraine crests intersect the fault, making measurement difficult. 

The two moraine crests also may differ in age, so they should preserve 

different amounts of offset. Vertical displacement was not obtained, 

as the unknown height of vegetative cover limits the usefulness of 

aerial photographs in estimating heights. 
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The moraine is accessible by a walking track, and a soil 

exposed in the moraine was described. Data from this soil are used for 

relative-absolute dating. Post-glacial deposits also may be cut by the 

fault (Figure 46), but these low terraces were not examined. 

Age estimates at Moeraki River and most other West Coast sites 

were obtained by canparing soil data to the calibration data fran 

Okuru and the Franz .Josef soils. Soils, and corresponding age esti

mates, from the West Coast sites are discussed in a later section. 
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TABLE 12 

FAULT DISPLAcm.mNT DATA FOR SELECTED STUDY SITES 

Site SUrface Feature Di§l2lacement (ml 
Horizontal Vertical 

~raki River M:>raine Crest 28o.±30 ---
Valley floor 1700.±200 ----

Branch River Traverse Ridge Crest of 72o.±50 -84±10 
moraine (1) 

Aggradation Tread ----- -1. 2±<>. 3 
Terrace 1 Riser, tread 69.2.±4.0 -0. 9:tQ. 3 
Terrace 2 Riser, tread 59.5.±4.0 -2.7±<>.5 

Channel 56.7±2.5 -2.S±<>.3 
Terrace 3 Riser, tread 58.o.±3.0 -2.1±<>.5 

Channel 47.o.±3.0 -1.9:tQ.3 
Channel 45. 4±1. 0 -1.9±0.3 

Terrace 4 Riser, tread 36.9±3.0 -1.5±<>.2 
Channel 38.1±3.5 -1.8±0.3 

Terrace 5 Riser, tread 36.6±3.0 -loS±<>. 2 
Channel 36.o.±3.0 -1.5±<>.2 
Channel 37. 5±1. 5 -loS±<>. 2 

Terrace 6 Riser, tread 29.9±3.0 -O.9±<>.2 
Channel 30.5±3.0 -0.9:tQ.2 

Saxton River Terrace 1 Riser 66±5 variable 
(hillslope) 

Terrace 2 Riser 52±5 variable 
Terrace 3 Riser, tread 35±5 -3.S±<>.5 
Terrace 4 Riser, tread 15±4 -2.7±<>.3 
Terrace 5 Riser, tread 8±2 -o.45±<>.15 

Channel 7.2±O.5 -----
NOTES: Riser displacements for Branch River are taken from mid-point. 

Riser displacements for Saxton River are measured from rlser 
crest. Vertical displacements of terraces from treads; nega-
tive values indicate SE side up. 



Branch River 

The Branch River is a tributary of the wairau River, entering 

the wairau Valley about one-~rd of the distance fran Lake Rotoi ti 

to the lCMer end of the valley. A sequence of seven stream terraces, 

faul ted by the Wairau section of the Alpine fault, is preserved on 
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the east bank of the Branch River (Figures 47 and 48). Lensen's (1968) 

studies of this site have made it one of the best-known faul t-study 

localities in the world. 

The highest terrace, interpreted by Lensen (1968) and SUggate 

(1960) as a late-glacial aggradation terrace, is about 16.5 m above the 

present river channel, while the lCMeSt preserved terrace is 6.5 m 

above the stream (Lensen, 1968, 1976; Wellman, 1953). The first degrad

ation terrace is preserved only west of the aggradation surface. The 

fault trace cutting most of these terraces is simple and straight, 

although the tread of Terrace 1 (first degradation terrace) is much 

more canplex, marked by pressure ridges and sag ponds. 

TWo principal kinds of reference lines--channels and terrace 

r isers--are preserved across the fault. Lensen (1968) used channel 

displacements to describe latest Quaternary faulting at the site. 

Furthennore, he correlated displacements of terrace risers with the 

terrace above, rather than below, the riser. The displacements recorded 

in Table 4 are in keeping with the present model of terrace fonnation, 

so the results differ fram Lensen's interpretations. 

The lateral displacement of the aggradation surface is unknown, 

as no reference lines are available. The vertical displacement measured 

by Lensen is 1. 2 m, SE side up. The lateral displacements of Terraces 1 



Figure 47. Branch River Site from Air. View east across 
faul t. Traverse Ridge rises above hydro works reservoir. 
Displacements of Terraces 3 through 6 are shown. 
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through 6 can be estimated from 1:x>th riser and channel displacements as 

given by Lensen (1968). The riser meaurements at this site are taken 

fran the riser mid-point. Measurements of the 't:Nl kinds of reference 

lines are consistent for all but Terrace 3, where the riser displacement 

is 10 m more than the displacement of abandoned channels (Table 12). 

Vertical displacements for Terraces 2 through 6 consistently decrease, 

but Terrace 2 apparently preserves a greater vertical displacement 

than Terrace 1 or the aggradation surface. This is interpreted by 

Lensen 0968) and all subsequent New Zealand workers as indicating a 

change in direction of upthrow during the latest Quaternary. This 

hypothesis is examined in Chapter 5. 

Despi te a careful search of available exposures, no materials 

were found for radiocaroon dating of terrace surfaces or deposits. 

However, several soils were described and analyzed, and 1:x>th surface 

and subsurface rock weathering was investigated for relative-absolute 

dating. 

An additional and highly speculative displacement of much older 

materials is listed by Wellman (1953) and discussed by Hardy and Wellman 

( 1984) and Wood (1984). A probable terminal moraine, Traverse Ridge, 

rises some 115 m above the terraces of the Branch and wairau Rivers. 

The JOOraine crest is displaced at least 300 m right-laterally (Wood, 

1984), and Hardy and Wellman (1984) report a right-lateral displacement 

of 720 m and a vertical displacement of 84 m, SE side up. The moraine 

ridge is assumed to be from the waimaungan glaciation (SUggate, 1965), 

which is assigned an age of 250 lea by SUggate and 125 lea by Hardy 

and Wellman (1984). Soils exposed by a hydroelectric works canal 



excavated into the moraine are well-developed spodosols, consistent 

with a late Pleistocene, pre-Otiran age. 
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The weathering-rin:1 data fran the Branch River terraces exhibit 

a wide scatter (Appendix C). Most of the cobbles and boulders from 

the terrace surfaces have been moved and piled by the lan:klwner, so 

that nearly all rocks have been disturbed and many rocks previously 

buried near the ground surface now are part of these piles. Although 

every effort was made to sample only rocks that had been at the surface, 

based on degree of cob'1.>le etching, this was not wholly successful. 

Accordingly, much of the scatter in the data is attributable to inade

quate sampling procedures. The highest (thickest) significant mode 

is used as long as it is consistent with data fram adjacent terraces. 

M:lst measurements were recorded only to the nearest 0.5 nun, because 

of the wide dispersion in the data, in order to more praninently define 

modal values. 

Saxton River 

The Saxton River is a tributary of the Acheron River, and the 

two rivers form an intermontane alluvial plain bordered on the north 

by the Awatere fault. The area is within the relatively dry, tussock

covered mountains of the vast M:>lesworth Station. The watersheds have 

been subject to extensive soil erosion in historical times due to over

grazing and destruction of grass by rabbits. Large scree slides charac

terize many of the mountain slopes. The area also is characterized 

by some of New Zealand I s harshest climatic conditions, with over 200 



frosts per year even at an altitude of only 960 m. This is attested 

by numerous frost-shattered cobbles on sane of the terraces. 
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The Awatere fault forms a praninent scarp between the Acheron 

and Sevem Rivers (Figure 12b) and displaces a sequence of five teIT'Clces 

at the Saxton River (Figures 49 and 50). The fault trace 1s relatively 

simple on the three lowest terraces of the Saxton River but it is 

marked by pressure ridges and sag ponds on the two highest terraces. 

Al though the fault displaces terraces on both banks of the 

river, only the faulted sequence on the east bank was studied in 

detail. The sequence was first mapped by Lensen (1973) and in more 

detail by Blick (unpublished data). A detailed topographic map prepared 

by Blick, supplemented by the field observations of this study, provide 

the basis for the displacements listed in Table 4. A bedrock spur ridge 

above the terraces is displaced about 80 m right-laterally. Lateral 

displacement of Terrace 1, which may be the latest Otiran aggradation 

surface or a ycnIDJer degradation terrace, was measured at the base of 

the bedrock slope. Lateral displacements of younger terraces are 

measured from terrace risers. A channel on the lowest terrace is 

laterally displaced 7.2 ± 0.5 m according to Lensen (1973); it has been 

disrupted by recent road building and only 3 m of the lateral displace

ment is now preserved. Net vertical displacements of the two oldest 

terraces are uncertain due to lateral variability and complications from 

the pressure ridges and sag ponds. However, the net displacement of 

Terrace 2 is near 0 m (Lensen, 1973). The three youngest terraces 

preserve increasing scarp height with age. Scarps are SE side up, which 

is in contrast to the NW-up mountain front bounded by the Awatere fault 
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Figure 49. Saxton River Site from Air. Compare with map, Figure 50. 
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to the northeast and southwest. '11le vertical displacement of Terrace 1 

on the west bank of the Saxton River also is 1M side up. 

Potentially datable materials were found in a cut-and-fill 

structure in Terrace 5 and a sag pond on Terrace 1. Blick has atteJJ"g?ted 

to date these materials, but laboratory problems have frustrated these 

efforts thus far (Blick, personal camnmication). Rock-weathering and. 

soil data were obtained for relative-absolute dating. The weathering

rind data fran Saxton River were discussed previously as an example of 

age estimation from weathering rinds. 

Charwell River (Hope Springs Eternal) 

'11le Cbarwell River flows southward out of the Amuri Range 

and. across the Hope fault I which here is a range-bounding fault zone. 

South of the fault the river is cut through an alluvial aggradation 

plain some 6 Ion wide. The plain canprises several aggradation surfaces 

of the Charwell River, with several underfit channels preserved among 

these surfaces. Bull (unpublished data) suggests that these channels, 

at least three of which can be recognized between the present-day 

Charwell River and the Conway River to the west, may be abandoned 

courses of the Charwell, displaced away from their source canyon by 

movement along the Hope fault. '11lese channels may record lateral 

displacement during as much as the last 100 ka. 

A sequence of stream terraces is preserved along the Hope 

fault at the southwest bank of the Charwell River (Figures 22 ar.d 

26) . The youngest aggradation surface has the shape of an alluvial 

fan with an apex ncM near the West Branch of the Charwell River. 



At least eleven degradation terraces are preserved dcMnstream of the 

faul t, and most can be correlated with terrace remnants preserved 

imnediately upstream of the fault. 

The broad highest surface visible in Figure 26 is a composite 

of the aggradation surface and degradation Terrace 1. The lower slope 

iJmBiiatelyabove the fault is marked by a series of springs along 

and upslope of the fault trace. As these springs were active durin] 

the ~t summer of 1982 while other springs in the region and along 

the fault at other sites had dried up, this study site became krlcMn 

as Hope Springs Eternal. 

Lateral and vertical displacements of the Charwell River ter

races are diff icul t to determine for several reasons: lack of extent 

of terrace remnants on the upstream, upthrown side of the fault; the 

graben in the central part of the site, which disrupts continuity 

of terrace risers into the fault zone; a young fan burying portions 

of high terrace remnants upstream of the fault; am apparent river 

cutting nearly along the fault trace in the lower terrace area. These 

features are visible in Figure 51. 
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Detailed surveying of the terraces in 1982 and 1984 has all~ 

the development of two scenarios for correlation of terrace remnants 

across the fault. These two models are predicated on the correlations 

of terrace risers and treads, particularly the correlation of Terrace 1, 

which is very broad on the dcMnstream side but has no similarly broad 

correlative upstream of the fault, and Terrace 5 at the base of the 

steep high riser called Uka Hill on Figure 51 because of numerous 

manuka and kanuka trees on the slope. 
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Lateral displacement of the aggradation surface is uncertain. 

However, the fan apex must have been at the mouth of the Charwell 

River canyon at the time of fonnat1on. Thus, the distance that the 

fan apex has been displaced C1J/6y fran the canyon mouth provides a 

constraint on post-aggradation lateral displacement. The fan apex 

is no longer preserved due to downcutting by the West Branch Charwell 

River, but a reconstruction of its approximate location with the main 

Charwel1 River canyon mouth is possible. This suggests a minimum 

displacement of 600 m, with a high uncertainty value reflecting the 

speculative nature of this correlation. 

171 

Terrace 1 rises to the aggradation surface at a clearly-defined 

but shallow-s1oping riser labelled R1 in Figure 51. The riser trends 

at a right angle to the trace of the Hope fault and does not bend 

at the fault, so it is likely that it was formed by a river flowing 

at right angles to the fault. The correlative feature upstream of 

the fault must be at least at the canyon wall, labelled S in Figure 51, 

as no terrace remnants are preserved along the fault-bounded slope 

between R1 and S. Several high terrace remnants are preserved in 

the canyon mouth east of S, including a small remnant, Tu1 in Figure 

52, north of the young fan and several remnants, Tu2 through Tu6, 

along a narrow ridge east of the fan. If Tl is correlated with Tul, 

the displacements of Terraces 1 through 4 are as shown for scenario 

1 in Table 13; if Tl is correlated to Tu2, the displacements are those 

of scenario 2. 

The main argument here is that Rl was formed by a river flowing 

approximately at right angles to the mountain front. If the Charwell 
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TABLE 13 

FAULT DISPLAC1!ltmNT SCENARIOS 
HOPE SPRINGS ETERNAL SITE 

Scenario 1 Scenario 2 
Horizontal Vertical Horizontal Vertical 

600.±50 
390±20 
230±5 

170±20 

140±20 

l00±20 

100±15 

70±20 

50±10 

50±5 

18±3 

22±2 

5.2±1.0 

6.3±O.3 

1<>.±1 

12±1 

2.<>.±O.5 

0.5.±O.3 

l.<>.±O.l 
O.8j:O.l 

600±50 
410±20 
230±5 

200±10 

165±10 

135±10 

120±10 

105±10 

50±10 

50±5 

5±1 

5.2±1.0 

6.3:tO.3 

22±2 

3±1 

3.<>.±<>.5 

1. <>.±<>.1 
O.8:tO. 1 
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NOTFS: All displacements in m. Riser displacements are measured from 
crests. Positive vertical displacement indicates NW side up; 
negative displacement indicates SE side up. 



River made a bend at the canyon mouth, as might be inferred fran the 

gradual westward bend in the canyon wall (S), then Rl may not have 

formed opposite S and the displacement measured by rejoining Rl with 

S would be an overestimate. The strongest evidence supporting the 

R1-S matchup is the lack of an eastward bend in Rl near the fault, 

which one would ~ct were this feature formed by a large meander 
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bend. Canpare this with the eastward bend in the T5 riser, base of Uka 

Hi11, which probably was formed in part by meander erosion. A minimum 

constraint on lateral displacement of Terrace 1 is provided by the 

apparent right-lateral offset of the stream draining the hillslope 

above Tl (Figure 26). The stream offset of 230 ± 5 m post-dates the 

formation of Tl, since Rl would have had to be shifted beyond the stream 

mouth before channel displacement could be recorded on the T1 surface. 

The Terrace 5 correlation also is problematical. T5 is the 

highest of the seven ICM terraces preserved belCM Uka Hi11 downstream 

of the fault (Figure 52). Uka Hill, as Riser 5, bends toward the 

fault, consistent with a period of river erosion parallel to the fault 

trace. Two possible correlatives to R5 and T5 are the long ridge 

top of Tu5 and the base of the river-cut slope belCM it. Based on 

these two possibilities, the follCMing scenarios are derived. First, 

R5 and R6 are both displaced at least from the location of the present

day Ru7, below Matagouri Hill (Figure 52), but there is no T5 or T6 

equivalent tread preserved on the upthrown side of the fault. Correla

tives of Tu5 and Tu6 were eroded from the downsteam side of the fault 

during the formation of Oks Hill. T7 through T11 can be correlated 

across the fault. Second, T5 and T6 correlate with Tu5 and Tu6 (on 



Matagouri Hill). T9 is eroded from the upstream side of the fault. 

T7, T8, T10, and Tll can be correlated across the fault. 
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The ambiguity of these interpretations is canplicated by the 

details of the terraces below Ru7 (Figure 52). Two scarps are present 

along the trend of the fault, but an excellent exposure in the riverbank 

shows that only one of these is a fault, so the second scarp is presumed 

to be river-cut. Two terrace remnants, Tu7 and TuB, are preserved 

above this double scarp, while two and possibly three narrow remnants 

are preserved between the scarps (inset, Figure 52). The river-cut 

portion of the scarp is thought to represent a bend in the riverbank 

during the fornation of '1'9, and subsequent downcutting then formed 

T10 and Tll on both sides of the Hope fault below the river-cut scarp. 

The greater consistency of vertical displacements obtained 

using scenario 1, their greater consistency with weathering rinds from 

terraces north of the fault, and the judgement that terrace correlations 

used in this scenario are more sound are the reasons this scenario is 

used in subsequent discussions. However, displacement values for the 

Charwell River terraces remain 'WlCertain. The Hope Springs Eternal 

si te is very important, nonetheless. The 400 m ± displacement assigned 

to degradation Terrace 1 is the largest post-glacial displacement 

reported for any New Zealand fault, although a nearly identical amount 

is reported for at least one offset moraine along the Alpine fault 

(Hull and Berryman, in press). The amount also is similar to the total 

offset of glacial moraines at Glynn wye Station across the combined 

Hope and Kakapo faults. 
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An additional displacement at the Hope Springs Eternal si te 

is recorded by an abandoned channel of the alluvial fan at the small 

stream draining the hillslope above Tl. This stream may be offset sane 

230 m across the Hope fault (Figure 26), but the small fan is inunedi

ately at the mouth of the gully. The active stream currently flCMS into 

the fault graben to the east. However, an abandoned channel on the fan 

is displaced right-laterally 6.3 ± 0.3 m and vertically 0.8 ± 0.1 m 

NW side up, and it records the youngest displacement at the site. 

Charcoal was found in two layers of the fan. The upper char

coal-bearing unit was not dated because it is incorporated into a 

soil A horizon and could easily be contaminated by younger organics. 

The lower unit, some 60 ern below the fan surface, yielded a radiocarbon 

date of 840 ± 60 yr b.p. (A-3536). Dating of other terraces at Hope 

Springs Eternal was accomplished using relative-absolute techniques. 

Rind collections from the Charwell River terraces were made 

from the south (downstream) side of the fault. Rocks largely are 

undisturbed, although surface rocks from the lowest terraces are rela

tively sparse. Additional small collections were made from terraces 

immediately upstream of the fault for assistance in correlation of 

terrace remnants. Although the latter collections do not preclude 

other interpretations, rind distributions are consistent with the 

choice of displacement scenario 1. 

Age Estimates from Weathering Rinds 

Weathering rinds from surface Torlesse sandstone cobbles have 

been used to estimate ages of 47 faulted geomorphic surfaces at 13 
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sites, mostly in Marlborough. Rinds from subsurface Torlesse sandstone 

and chlorite schist have been used to estimate the age of the moraine 

at the Wcmganui site in Westland. Weathering-rind data are shaom 

in Apperxiix C, which compiles smoothed rind data for each site. Rind 

mode, mean, and ages estimated fran equations 2.3, 2.4, and 2.5 are 

listed in Table 14. 

Weathering-rind data from Branch River, Saxton River, and Char

well River were just been and are not repeated here. However, aspects 

of the weathering rind collections from other sites must be discussed. 

Smoothed weathering-rind distributions are shown in Appendix C .. 

The weathering-rind data from the Clarence River are difficult 

to interpret. Rocks from the moraine probably yield only a minimwn 

rind thickness, as loess covers most of the moraine and rock residence 

time may be much less than true moraine age. The geomorphic setting 

of the moraine has been interpreted by Kieckhefer (1979) to require 

an age of early Otiran, perhaps some 60 ka. Terraces 1 an:i 2 on the 

east bank and the three faulted terraces on the west bank all have 

similar problems with rind measurement: the only rocks at the ground 

surface are in areas of deflation of loess, so their residence time 

certainly is less than the terrace age. Rind modes from the west 

bank are particularly difficult to interpret (Table 14), as the middle 

terrace has a smaller mode than the youngest terrace. Rind mean data 

are only scmewhat more useful, as now the oldest terrace is assigned 

a younger age than the middle terrace. 

The weathering-rind data from the Edwards-waiau site have 

simil~r reliability problems due to presence of loess cover. The rocks 
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TABLE 14 

AGE ESTIMATE'S FRat! WEATHERING-RIND DATA 

Si te and Terrace MJde Mean Age (MXle) Age (Mean) 

Maruia, road level 2.4 2.4O±Q.65 3C>OO±.350 3340±680 
Matalti talti MJraine 6.0 5.86 984Oj:1670 1074Oj:3220 
Branch T1 8.5 7.09±2.31 1 545Oj:2950 1377Oj:4430 
Branch T2 7.0 6. 54±2.17 1201Oj:2150 1 239Oj:3870 
Branch T3 6.5 6.3Oj:1.97 1091Oj:1910 11 79Oj:3640 
Branch T4 6.0 6.42±1.87 984Oj:1670 12100±3760 
Branch T5 6.0 6.04±1.65 984Oj:1670 1117Oj:3390 
Branch T6 4.2 4.06±1.07 6200±920 665Oj:1720 
Naihopai Tl 5.4 4.19±1.29 858Oj:1410 693Oj:1820 
Naihopai T2 4.0 3.96±1.04 582Oj:850 644Oj:1650 
Naihopai T3 3.6 3.07±0.75 508Oj:710 462Oj:1060 
Saxton Tl 5.4 4. 47±1.52 858Oj:1410 753Oj:2030 
Saxton T2 4.4 4.11j:O.93 658Oj:1OOO 676Oj:1760 
Saxton T3 3.6 3.49±0.78 508Oj:710 545Oj:1320 
Saxton T4 2.4 2.88±0.71 300Oj:350 425Oj:940 
Saxton T5 2.0 1. 85±0.60 237Oj:250 239Oj:420 
Grey T2 2.8 2.77±0.66 3670±460 403Oj:880 
Grey T3 2.6 2.78±0.73 333Oj:400 405Oj:890 
Grey T4 2.4 2.08±O.57 3000±350 277Oj:520 
Naiau Tl 7.0 6.78±3.01 1201Oj:2150 1 299Oj:4110 
Scotties camp 3.8 4.13±1. 70 544Oj:780 679Oj:1770 
Clarence MJraine 8.5 7.51±1.94 1545Oj:2950 1485Oj:4880 
Clarence Lake 

Tennyson 5.0 4.27±2.02 777Oj:1240 711Oj:1880 
Clarence T2e 3.2 2.81j:O.58 436Oj:580 411Oj:900 
Clarence T3e 1.4 1. 39j:O.40 1 49Oj:130 1 64Oj:240 
Clarence Tlw 3.0 3.09±1.18 401Oj:520 466Oj:1070 
Clarence T2w 2.8 3. 66±1.46 367Oj:460 580Oj:1440 
Clarence T3w 3.0 2. 96±1. 01 401Oj:520 4400±990 
Glyrm Wye MJraine 9.0 7.72±2.24 1 663Oj:3230 1539Oj:5l00 
Glyrm Wye T2 5.0 5.08±2.08 777Oj:1240 891Oj:2530 
Kakapo Brook T2 3.5 4.1Oj:l.58 489Oj:680 673Oj:1750 
Manuka Stream T2 3.0 2.88±0.72 401Oj:520 424Oj:940 
Manuka Stream T3 1.2 1. 35±0.39 122Oj:1OO 157Oj:230 
Cha.rwell Tl 6.0 6.03±2.41 984Oj:1670 11 13Oj:3380 
Cha.rwell T2 5.0 4.82±1.10 777Oj:1240 831Oj:2310 
Cha.rwell T3 4.2 4.11±1.05 6200±920 676O±1760 
Cha.rwell T5 4.0 3.3Oj:0.92 582Oj:850 508Oj:1200 
Cha.rwell T6 3.6 3. 17j:O.84 508Oj:710 481Oj:1120 
Cha.rwell T9 3.2 3.24±0.95 436Oj:580 4950±1160 
Charwell Tll 2.8 3.27±0.85 367Oj:460 501Oj:1180 
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TABLE 14-COntinued 

Si te and Terrace Mode Mean Age (Mode) Age (Mean) 

Charwell Fan 0.8 0.99,±O.50 lcncJwn age: 77Oj:52 
Hapuku Boulder Bar 4.0 3.8Oj:1.02 582Oj:850 609Oj:1540 
McLean Stream T4 1.4 1. 3Oj:0. 53 149Oj:30 1500j:210 
McLean Stream T5 1.0 0.B5±Q.43 97Oj:70 860±90 
Red rakes Str. T2 3.6 2.79±0.B4 5OBOj:71 0 407Oj:890 
Red Lakes Str. T3 2.4 2.37±0.62 3000j:350 329Oj:660 
Red Lakes Str. T4 2.4 2.56±.O.BO 3000j:350 3640±760 
Wi3nganui MJraine, 

SUbsurface Rocks 6.4 5.54±1.5B B71Oj:5BOO 

NOTE: Mode and mean values in nun. 
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sampled from t.he waiau River terrace are likely to have residence times 

sanewhat less than the true age of the terrace, since they probably were 

buried by loess during part of the residence time of the terrace. Thus 

the rind-derived age must be considered a minimum. The rocks sampled 

from the Scotties Hut terrace may actually be derived fran an adjacent 

small fan, so the relationship of rind age to surface age is uncertain. 

Rind collections from the moraine and Terrace 2 at Glynn Wye 

were lim! ted by availability of rocks at the surface, and the estimated 

ages are considered to be minimum ages. Rind collections from Red 

Lakes Stream terraces also probably yield minimum ages, at least for 

Terrace 2, as most rocks are present at the surface only due to defla

tion. The rocks collected from the ~Lean Stream terraces again provide 

minimum ages, both due to the likelihood of burial and subsequent 

uncovering, and because of possible additions from the young alluvial 

fan that buries much of the older, undated terraces. 

A lim! ted suite of rocks was collected from the Mataki taki 

moraine. Here few rocks are not covered by forest litter, and many 

samples currently at the ground surface clearly have been moved by 

tree roots, as may be true at other sites. The age obtained from 

this sample is a minimum estimate, and the moraine may have an age 

as great as 16 ka, given its position. 

A large suite of subsurface rocks was obtained from two loca

tions in the Wcmganui moraine studied near Harihari in Westland. 

Sane mixture of shallower-level rocks with deeper-level rocks may 

have contributed to a large scatter in the data. Weathering-rind 

data suggest an age much closer to the waiho Loop moraine than the 



Okarito ground moraine, and the poorly-constrained regression yields 

the age shown in Table 14. 

Age Estimates fran Soils 

Soil morphologic and chemical data fran Marlborough can be 

used to constrain ages of terraces, and data from West Coast soils 

can be used to estimate ages directly. The Marlborough soils are 

considered first. 

The Profile Developnent Index values from Buller River and 

Ben Ohau Range (Figure 41) show a clear power-law increase with time, 
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wi th slopes ranging fran 1. 0 to 1.5. Most of the data from the Charwell 

River (Figure 40) show a similar power-law relationship. It is there

fore a reasonable assmnption that other Marlborough chronosequences will 

exhibit power-law relationships, with slopes near 1.0 to 1.5. In this 

context, some constraints on relative age can be placed on these other 

soils using profile index values (Table 10). At Saxton River the index 

data are consistent with a ratio of relative ages of 1: 2 : 6 : 7 for Ter

races 5, 4, 2, and 1 respectively. At Branch River the data indicate 

an age ratio of 1: 2 : 3 for Terraces 6, 5, and 3, while the aggradation 

surface profile probably is truncated and has a lower index value than 

expected. At Clarence River the soils of Terraces 2 and 1 on the west 

bank of the river have an age ratio of 2: 3. At Grey River the age 

ratio of the two youngest terraces is about 1: 2 . The variability of 

profile index values from one chronosequence to another suggests that 

it might not be possible to use morphology as a relative-absolute dating 

technique in Marlborough even with adequate calibration. Factors other 
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than time, such as climate differences among the sites, may be very 

important in producing differences in rates of developnent among chrono

sequences. Soil genesis is more sensitive to variations in precipita

tion in this range of 800-1500 JlIJl than in the range 4000-5000 DUD found 

on the West Coast (P. Tonkin, personal carmunication), so the lower 

internal consistency of Marlborough soils than west Coast soils is 

expected. 

Weighted Profile Index values (Appendix D) are even less useful 

in describing the time~pendent developnent of soils. Values from 

Ben Ohau, Franz .:Josef, Saxton River, and Charwell River do not increase 

systematically with soil age. The weighting used here-normalization 

by the depth of the described profile--results in low values for soils 

for which deep portions of the C horizon were described relative to 

soils for which only lower B horizons or upper C horizons have been 

described. If all soils were described to the same relative depth 

(eg. base of the weathered C horizon), this approach ~d be more 

appropriate. Lacking such consistencies in description, the total 

Profile Developnent Index is a preferable measurement. 

MJst time-dependent chemical changes for the Marlborough chrono

sequences at Charwell River, Saxton River, and Branch River are rela

tively subtle. Strong trends are recognized in Feo and Alo from the 

Charwell soils (Figure 53). A high peak in Fee, and Alo is found in 

the B horizon of the Tl soil, while the soil from the aggradation 

surface shows a lowering in Feo and Alo from the levels in the younger 

soil. Maximum accwnulation of amorphous Fe and Al appears to take less 

than about 12-16 ka at this site. Younger soils show gradual reductions 
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River Soils. % Fee is axalate-extractable percentage of 
Fe203; likewise for % Alo . 
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in Feo arrl Alo peaks and occurrence of the peak higher in the soil 

profile. The Tll soil shows an increase in Feo and Alo relative to 
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the older T7 soil, analogous to the increase in profile index. Although 

this change is probably due to the nature of the sampling site, it 

nonetheless implies that the two soils are close in age. The degree of 

developnent of cmalate-extractable canpounds of Fe arrl Al in the Tll 

soil is consistent with an age of several thousand years for this soil; 

it is clearly much older than the <800-yr fan soil at Charwell. The 

total element data (Figure 54) clearly show increasing leaching of K, 

ca, and M1 with soil age, although the aggradation surface soil departs 

from the trend because of probable truncation of the soil profile. 

Oxalate-extractable Al exhibits more systematic change than 

oxalate-extractable Fe for both the Saxton River and Branch River soils 

(Figure 55). At Saxton River, Alo shcMs a decrease in total amount and 

a decrease in depth of peak with decreasing age, although the soil

paleosol sequence of T5 shcMs a different pattern. Again excluding T5, 

only Tl shows a bulge in Fea, while the other profiles show decreasing 

Feo with depth. Greater losses in K and M1 and especially ca are seen 

in the older soils than the younger soils (Figure 56). These indicate 

that the Tl soil is significantly more well-developed than the T2 soil, 

and its general chemical characteristics are consistent with other soils 

that are early Holocene in age. Alo exhibits the most systematic 

changes in the Branch River soils. Alo in the aggradation surface is 

less than that in Terrace 1, as at Charwell, suggesting an increasing 

order to mobile Al compounds with age. Terraces 3 and 5 are very 

similar in Alo profiles while Tl and T3 are particularly similar in 
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Feo profiles, but oxalate data suggest that all three terraces have 

soils that are similar in age. The T6 soil shows much lower Feo am 

Ala am appears to be significantly younger than the other soils. All 

soils show significant losses in ca, fttJ, and K (Figure 51) suggesting 

all are more well-developed than the Saxton River soils. 
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The Profile Developnent Index data from the West Coast calibra

tion soils can be used quantitatively with three caveats: 1) since the 

wanbat am Olearito soils are poorly drained, their morphologic develop

ment is greater than that expected for their age; 2) ages of the Wcmbat 

and Oleari to soils from Stevens (1968) may be underestimates by at least 

a factor of two; 3) index totals for these two soils are underestimated 

perhap:; by a factor of two or more because incomplete profile descrip

tions are available. Nonetheless, age estimates can be provided for the 

Toaroha, Wanganui, Mahi tahi, and M:leraki soils from the index data in 

Table 10 am consideration of the age constraints provided by Ives (in 

Leamy and O'Connor, 1913). The Toaroha soil, with its very weak devel

opnent, may be no more than 100 or 200 years old. The Wanganu.i soil is 

well-developed and has an age of approximately 16-20 ka: less than 

Oleari to, greater than the youngest glaCial advances. The Mahi tahi soil 

appears to be younger than the Okuru soil and has an estimated age of 

1.0-1.5 ka. The M::>eraki soil clearly is less well-developed than the 

Wanganui soil, am its degree of developnent is consistent with those 

fran moraines of late-glacial advances, suggesting an age of 12-14 ka. 

Eluvial coefficients from west Coast study sites show clear 

age-related differences (Table 15). Prominent chemical changes in the 

soils from Toaroha, Wanganui, Mahi tahi, and Moeraki (Figures 58 and 59) 
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SOIL 

Mahitahi 

Moeraki 
normal
ized to 
120 em 

TABLE 15 

ELUVIAL COEFFICIENTS, WEST COAST STUDY SITES 

DEPTH ELUVIAL COEFFICIENTS, ELEMENT OXIDES 
~ M P ~ ti ~ ~ K ~ ~ 

13 -12.80 -7.81 -18.87 -10.10 -14.78 1.62 -4.36 -10.89 3.69 -18.27 
20 -7.66 1.62 -0.05 -2.79 28.06 12.20 1.76 4.93 -1.92 0.81 
30 -4.01 0.28 -0.18 1.58 21.81 7.02 -0.90 2.17 2.09 5.50 
8 -16.79 -16.64 -44.05 -15.73 -11.41 -33.95 8.68 -34.80 -43.65 -21.16 

20 -8.04 -0.41 -13.28 -3.30 -6.26 -7.50 16.21 -19.07 -10.74 -15.70 
35 -22.91 -1.28 -0.44 43.55 27.11 68.73 -21.51 -28.46 -8.23 206.81 
55 -9.97 -4.31 -7.28 15.09 0.95 22.39 -4.96 -16.30 -7.96 82.14 

5 23.58 33.42 39.88 13.45 29.77 41.19 32.05 -2.32 -40.42 -8.45 
15 20.37 37.15 -5.65 6.76 25.10 44.01 28.37 -1.01 -29.72 -10.54 
30 31.39 57.13 1.02 18.11 35.67 66.01 43.83 20.90 9.52 -0.25 
48 26.99 66.43 13.08 19.46 31.59 63.75 45.85 55.90 45.43 11.44 
65 33.21 70.22 14.46 23.06 39.12 69.47 47.39 80.56 60.95 18.05 
83 52.42 83.41 6.93 56.27 GO.71 86.44 63.39 63.95 80.35 41.39 

100 56.71 67.90 39.86 57.70 67.21 65.30 64.15 62.93 71.24 44.61 
120 71.45 73.02 51.90 67.24 83.12 59.07 77.73 63.47 71.26 57.11 

5 -27.92 -22.89 -7.91 -32.16 -29.13 -11.20 -25.70 -40.24 -65.21 -41.73 
15 -29.79 -20.73 -37.89 -36.16 -31.69 -9.46 -27.77 -39.44 -58.96 -43.06 
30 -23.37 -8.84 -33.49 -29.38 -25.91 4.37 -19.08 -26.04 -36.05 -36.51 
48 -25.93 -3.81 -25.55 -28.57 -28.14 2.94 -17.94 -4.63 -15.08 -29.07 
65 -22.31 -1.62 -24.64 -26.42 -24.03 6.54 -17.06 10.45 -6.02 -24.86 
83 -11.10 6.01 -29.61 -6.56 -12.24 17.21 -8.07 0.30 5.31 -10.01 

100 -8.60 -2.96 -7.93 -5.71 -8.69 3.92 -7.64 -0.33 0.00 -7.96 
8 -33.43 -55.55 -86.77 -77.91 -52.90 -78.GO -37.89 -74.44 -84.59 -72.44 

23 6.74 -21.61 -94.62 -61.99 -20.92 -GO.53 8.47 -56.40 -73.12 -53.73 
38 -32.00 -48.10 -84.77 -72.37 -44.64 -68.81 -34.55 -69.48 -78.71 -67.62 
55 -5.40 -9.53 -82.95 -29.09 -14.75 -9.74 -19.11 -31.64 -18.04 -6.08 
75 8.95 -8.17 -48.79 -9.31 -13.06 -18.88 -1.81 -23.84 -20.73 -12.90 
98 4.04 -14.93 -21.64 -4.69 -17.44 -31.44 -1.89 -30.77 -33.04 -19.05 

120 5.45 -12.73 -14.65 -3.20 -21.63 -24.20 -0.57 -22.76 -28.96 -13.17 

HJ'l'ES: All values are eluvial coefficients of oxides, such as Si~. 
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can be used to estimate ages by canparison with the calibration data 

(Figures 42 through 45), although caveats similar to the first two 

193 

above must be acknadedged. Total element data fran Moeraki nonnalized 

to the basal horizon yield anomalously high eluvial coefficients because 

of the relatively high values of Zr and Ti in the lowest sampled hori

zon. The Moeraki eluvial coefficients shown in Figure 59 have been 

normalized to the 120 em depth, producing coefficient distributions 

between Wcmganui and Mahitahi as expected fran relative surface ages. 

The Toaroha soil shows little variation in any of the chemical proper

ties shown in Figures 58 and 59. Clearly it is very young in its 

chemical developnent with an age probably no more than a few htmdred 

years. The Mahitahi soil shows a pattern of ca, Mg, K, and P leaching 

very similar to the Okuru soil, and the two probably are very close in 

age. The shapes of the ca, Mg, K, and P curves for the M:Jeraki soil 

generally are intermediate between the Wombat and Okarito soils, while 

the Alo curve exhibits a great similarity to the trend in the Mapourika 

soil. Thus these two soils are probably very similar in age. Finally, 

the Wcmganui soil consistently exhibits higher leaching and a more sig

nificant depletion of Alo and Feo relative to the M:Jeraki or Mapourika 

soils. Leaching is not as complete as that for the Okarito soil, incii

cating the Wcmganui soil is less well developed and sanewhat younger. 

An age around 20 ka would be consistent with the chemical data. 

Comparison and SUmmary of Age E'stimates 

Three techniques of relative-absolute dating have been used to 

estimate ages of stream terraces and glacial moraines in the South 
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Island. Independent age estimates or age constraints from different 

teclmiques have been provided for many of these geomorphic surfaces. 

These age estimates must be canpared and, if different, the differences 

must be resolved. Age estimates from weathering rinds are used as 

the preferred age, but adjustments are made as needed to keep these 

ages consistent with soil data. 

The Charwell River terraces are considered first. Weathering

rind age estimates indicate age ratios for Terraces 1, 3, and 7 of 

2.3:1.4:1.0, and soil morphologic data suggest ratios of 2.2:1.5:1.0, 

so these data are fully compatible. The morphologic data imply a very 

young age for the young fan, which is radiocarbon-dated at 840 C14 

yr b.p. Since the soil actually is developed in a dep:JSit that overlies 

the horizon from which the date and the surface rocks used in rind 

analysis are obtained, these data are consistent age indicators. The 

chemical data from the Tl soil probably are more consistent with the 

older terrace age obtained from the mean of the weathering-rind data 

than with the Holocene age from the rind mode. Chemical and morphologic 

data are consistent with the weathering-rind age of several thousand 

years for Tll, the youngest terrace of the sequence. Final age esti

mates are sununarized in Table 16. 

The Saxton River terraces show some inconsistencies between 

ages from soils and weathering rinds. The age ratios for Terraces 

1, 2, 4, and 5 from weathering rinds are 3.6:2.8:1.3:1.0, while profile 

index ratios are 7: 6: 2 : 1. Thus the relative age of the youngest terrace 

is overestimated by weathering rinds as compared to soils, and the 

relative age of T4 may be somewhat overestimated by weathering rinds. 
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TABLE 16 

AGE ESTIMATES FRa.! STUDY SITES 

Site SUrface ~ Site SUrface ~ 

r-tJeraki R. Moraine 12000;±2000 Clarence Moraine 2000D:t4000 
Mahitahi R. Terrace 180<>±400 River Ter. 1e 800D:t1500 
Wcmganui R. Moraine 2000<>±2000 Ter. 2e 436D:t580 
Toaroha R. Terrace 400±100 Ter. 3e 149D:t130 
Maruia R. Ter. 1s 3000j:350 Ter. 1w 800<>±1500 
Matakitaki Moraine 1074<>±3220 Ter. 2w 5800:t1440 
River Ter. 3w 440<>±990 

Branch Ter. 1 1377<>±4430 Glyrm Wye Moraine 1663<>±3230 
River Ter. 2 1201D:t2150 Ter. 2 891D:t2530 

Ter. 3 1091D:t1910 Manuka Ter. 2 401<>±520 
Ter. 4 9900.±2000 Stream Ter. 3 122<>±100 
Ter. 5 9800.±1800 Charwell Ter. 1 1113<>±3380 
Ter. 6 6200.±920 River Ter. 2 831D:t2310 

Waihopai Ter. 1 858D:t1410 Ter. 3 676<>±1760 
River Ter. 2 582<>±850 Ter. 5 582<>±850 

Ter. 3 508D:t710 Ter. 6 508<>±710 
saxton Ter. 1 9500.±2000 Ter. 9 436D:t580 
River Ter. 2 675<>±1800 Ter. 11 3670±460 

Ter. 3 508D:t710 Hapuku R. Boulder 5820±850 
Ter. 4 3000;±350 Bar 
Ter. 5 2000:±400 Kakapo Str. Ter. 2 673D:t1750 

Grey River Ter. 2 4000±800 McLean Str. Ter. 4 149D:t30 
Ter. 3 3330:±400 Ter. 5 97<>±70 
Ter. 4 2500.±800 Red Lakes Ter. 3 50B0±710 

Waiau R. Ter. 1 1200D:t2150 Stream Ter. 4 329D:t660 
Edwards R. Scotties 3000±1000 Ter. 5 300D:t350 

Camp 



For T5 this is not surprising, as the soil exposure is fran a channel 

deposi t that is cut into the terrace gravels fran which the rind data 

were obtained, so the soil age should be younger than the rind age. 

A further implication fran the soil data is that the ages of T1 arrl T2 

are underestimated by the rind data. T1 is the highest terrace on 

the east bank of the Saxton River, and Lensen (1973) has interpreted 

it as a late-glacial outwash surface. This age assigrunent appears 

too old for either the rind data or the stage of soil development, 

as canpared to other aggradation surfaces at Branch River, Charwell 

River, or Buller River. Nonetheless, an age somewhat greater than 

8.6 ka is more consistent with the soil data. Adjustments have been 

made to the precision limits for the Saxton terrace ages that are 

compiled in Table 16 to reflect these seeming conflicts between soil 

and rind data. 

At Branch River, profile index ratios suggest a greater varia

tion in age among Terraces 3, 5, and 6 than are reflected in either 
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the rind data or the chemical data. Indeed, the soil chemical data 

indicate that Terraces 3 and 5 are close in age, which is the same 

conclusion indicated by the weathering-rind data. The chemical data 

from T1 and T3 also are quite similar, suggesting that the age differ

ence between them is not substantial. The ages obtained from weathering 

rinds for these terraces are much greater than for other terrace sequen

ces, so the suspicion is that these age assigrunents may be excessive. 

However, with no other data to constrain the ages, the only adjustment 

made to the rind ages in Table 16 is to use the age from rind mean, 

which is younger than the age from rind mode, for Terrace 1. 
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Soil data from the Clarence and Waiau-Edwards sites are insuf

ficient to provide strong constraints on the ages. However, the profile 

index for the Scotties Camp terrace at Edwards River is inconsistent 

with the weathering-rind age, and an age assignment more consistent 

with similarly-developed soils at Saxton and Buller is used in Table 

16 for this terrace. The soil data fran the Clarence River do not 

assist greatly in resolving the inconsistency of rind data fran the 

west bank. terraces. However, the locations and elevations of Tlw and 

TIe are consistent with a similar age assignment, and these terraces 

can be correlated upstream to the Lake Tennyson outwash (?) surface 

that yielded a minimwn weathering-rind age of 7.8 ka. From its position 

and morphology, the moraine on the east bank. of the Clarence River 

probably is much older than the age estimated from weathering rinds, 

but the amount of adjustment that should be made in the age carmot 

be estimated. 

Profile iOOex data from the 'b«> lowest terraces at Grey River 

yield an age ratio much greater than that from rind data (1.8: 1.0 vs. 

1 . 1 : 1.0) . The soil developnent on the youngest terrace, T4, appears to 

be somewhat low for its weathering-rind age, so a slight downward 

adjustment has been made to the estimated age. The displacement of 

Terrace 2 would imply that the terrace age is early Holocene, much 

greater than the weathering-rind age, but no data are available to 

assign an older age to T2, so the weathering-rind estimate is used 

in Table 16. 

Age estimates for West Coast sites were obtained independently 

from soil morphologic and soil chemical data. 'Ihese estimates generally 



are consistent, and they provide the ages listed in Table 16. The 

pr.ecision for these estimates is determined subjectively, based on how 

closely the soil properties of the investigated soil match those of 

calibration soils. The age estimate for the wanganui moraine fran 

subsurface rock weathering is an underestimate, perhaps because of 

differences in sampling or measurement techniques between this site 

and the calibration sites from Sowden. 

The various techrUques of age estimation yield varying degrees 

of precision. The precision in age estimates from weathering-rind 

modal data generally is greatest and ranges from about ±5% for young 

surfaces to ±20% for latest Pleistocene surfaces. The precision in 

age estimates from means of weathering-rind data is lower, ranging 

fram ±lO% to ±33%, because of the greater scatter in the calibration 

data. The precision in estimates from soil properties is still less, 

because age uncertainties in the calibration sites is greater and 

variability of the soil-forming processes also is greater than for 

weathering rinds. Age estimates from soils were assigned precisions 

ranging from ±15% to as much as ±67%. 
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CHAPTER 3 

LATEST QUATERNARY SLIP, ALPINE SHEAR SYSTEM 

Faults of the Alpine shear system, South Island, New Zealand, 

were introduced in Chapter 1. Displacements of latest Quaternary 

geomorphic surfaces, principally stream terraces and glacial moraines, 

were described from 20 sites distributed among 7 faults or fault seg

ments. The fault displacements were discussed in Chapter 2 and Appendix 

A in the context of some generalized models of the effects of tectonism 

on the deve10pnent and/or preservation of these geomorphic surfaces. 

Estimates of the ages of faulted surfaces were obtained using rock 

weathering rinds and soil morphology and chemistry as relative-absolute 

dating techniques. 

In this chapter, the displacement data and age estimates for 

faul ted surfaces that were discussed in Chapter 2 are used to compute 

latest Quaternary fau1 t-s1ip rates. The rates are examined for selected 

time intervals (incremental rates) to determine whether or not movement 

has proceeded at uniform rates over intermediate-period time scales. 

These data also will be used to examine time- and space-dependent 

patterns in strain distribution across the Alpine shear system as it 

changes from a single main strike-s1ip fault to a complex of splay 

faults, in the context of spatial rate changes predicted from 10ng

period plate motions as sununarized in Chapter 1. 
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Analysis of Slip Rates at Individual Sites 

The faul t-slip data of Tables 4 and 5 and Appendix A are can

bined with the estimates of surface age fran Table 16 to canpute slip 

rates for each studied geaoorphic surface. These canputations are 

listed in Table 17. The lIerror" limits on each rate are canputed 

by taking the upper confidence limit on displacement divided by the 

lCMer confidence limit on age as one extreme and the lCMer confidence 

limit on displacement divided by the upper limit on age as the other 

extreme. Since the confidence limits on the displacements and age 

estimates are not the same, the extreme values canputed here are non

synrnetrical about the "best" value obtained. 

A slip-rate computation for one of the Saxton River terraces 

is considered as an example. The faul t-slip data were compiled in 

200 

Table 12. At this site 66 ± 5 m right-lateral displacement has occurred 

since formation of Terrace 1 9500 ± 2000 yr b. p. This yields a "best

value" slip rate of 6.9 nun/yr. The extremes in slip-rate values are 

obtained by dividing 71 m by 7500 yr to obtain a maximum extreme of 

9.5 nun/yr, and 61 m by 11,500 yr to obtain a minimum extreme of 

5.3 rrm/yr. Thus the slip-rate value in Table 17 is 6.9 nun/yr with 

conf idence limits of +2.6 nun/yr and -1.6 rmn/yr. 

MJat study sites for which more than one slip-rate value is 

listed in Table 17, i.e. sites with multiple displaced surfaces, eXhibit 

differences in the rates of slip from one surface to another. If faul t

ing were occurring at nearly uniform rates during the time periods 

examined at the study sites, slip rates from different geomorphic 

surfaces would be very similar. A degree of variation in rates is 
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TABLE 17 

FAULT-SLIP RATES FOR DISPLACED SURFACES 

Fault Site SUrface Sl1~ Rates {JJDJl/vr} 
Horizontal Vertical 

Alpine Lake McKerrow MJraine 32+18 
-13 

Okuru River Terrace 13.5~t~ -2 2+0·8 
• -0.5 

Moeraki River MJraine 23.~~;:~ 
Mahi tahi River Terrace 10.4~~:~ -1 7+0·7 

• -0.4 

wa!1ganui River MJraine 45+22 
-18 

Toaroha River Terrace 26.3~1~:~ -4 0+0·7 
· -2.5 

Maruia River Terrace 1s 3 0+0·6 
· -0.5 

-0 8+0·3 
· -0.1 

(Weirau Mataltitaki River MJraine 14.0~;:~ 
Section) 

Lake Rotoiti Older 4.2±1.3 -0.6+0·4 
moraine -0.3 

Younger 3.8+1.2 -o.3.±O.1 
moraine -1.1 to 

to 4.8~:~ -0.4±<>.1 

Branch River Aggradation -0. 1±<>. 1 

Terrace 1 5 0+2•8 
· -1.4 -o.1±<>.1 

Terrace 2 5 0+1.4 
· -1.1 -0. 2±<>.1 

Terrace 3 4 3+1.3 
· -0.9 -0.2±<>.1 

to 5.3~i:g 

Terrace 4 3 8+1.5 
· -0.9 -0.2±<>.1 

Terrace 5 3 7+2 •0 
· -0.8 -0.2.±O.1 

Terrace 6 4 8+1 •4 
• -1.0 -o.1±<>.1 

Weihopai River Terrace 1 8 7+3 . 2 
· -2.2 -0.4±<>.1 

Terrace 2 9 6+3 . 2 
· -2.4 -0.3.±O.1 
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TABLE 17--continued 

Fault Site Surface SHe Rates {mm/vr) 
Horizontal Vertical 

(t4airau) (waihopai River) Terrace 3 3 5+1.4 
• -1.2 -o.1±Q.1 

Awatere Saxton River Terrace 1 6 9+2 .6 
• -1.6 

Terrace 2 7 7+4·1 
· -2.2 

Terrace 3 6 9+2.3 
· -1.7 

-0 7+0·3 
• -0.2 

Terrace 4 5 0+2. 2 
• -1. 7 -o.9±Q.2 

Terrace 5 3.5±Q.5 -o.2±<>.1 

Grey River Terrace 3 13.0~;:! -0 4+0·3 
· -0.2 

Terrace 4 5 5+1.8 
· -1.4 

-0 5+0·3 
· -0.2 

Terrace 5 3 4+3 .4 
• -1.7 

-1 1+0·8 
• -0.4 

Clarence WCliau/Edwards WCliau T2 7 3+2.3 
· -1. 7 0.2±<>.1 

Scotties camp 1 2+0·9 
· -0.4 0.2±Q.1 

Clarence River MJraine <10.0+5 .0 
- -3.3 ~0.2±0.1 

Terrace 1e 8 5+2 .3 
· -1.6 0.1±Q.1 

Terrace 2e 3 4+1.1 
· -0.8 O.l±Q.l 

Terrace 1w 6 4+2 . 2 
· -1.7 O.l±Q.l 

Terrace 2w 6 5+2.6 
· -1.6 0.2±Q.l 

Terrace 3w 4 9+1. 7 
· -1.0 -0.4±Q.l 

Hope Glynn Wye MJraine 20.9~;:~ 
Terrace 2 15.2~~:~ 

Manuka Stream Terrace 2 8 2+2.0 
· -1.6 0.7±<>.1 

Terrace 3 14.8~::~ 
Hope Springs Aggradation 37.5~::~ 
Eternal 

Terrace 1 35.0~1~:; o 9+0 .5 
· -0.3 
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TABLE 17--COntinued 

Fault Site SUrface 51112 Rates {nun/vr} 
Horizontal Vertical 

(Hope) (Hope Springs Terrace 2 20.5~1~:! o 7+0·3 
Eternal) · -0.2 

Terrace 3 20.7~1~:~ 1 8+0·8 
• -0.5 

Terrace 5 17.2~~:; 
Terrace 6 13.8~~:~ 0.8±O.3 

Terrace 9 4 1+1.5 
· -1.1 0.5±O.2 

Terrace 11 1 4+0·5 
· -0.4 0.3±O.1 

Fan 8 1+1.0 
· -0.9 1.O:tD.2 

Hapuku River Boulder Bar 2.2±0.4 0.6±D. 1 

Kakapo Kakapo Brook Aggradation 7 5+1. 7 
· -1.9 

Terrace 2 4 8+2.8 
· -1. 7 0.5±D.1 

Kekerengu McLean Stream Terrace 4 7 5+2. 2 
· -2.1 1.2±O.1 

Terrace 5 5 8+2.6 
· -2.3 

Porters Pass Red Lakes Stream Terrace 3 3 0+1.3 
· -1.1 

o 6+0·2 
· -0.1 

Terrace 4 4 0+2.5 
· -1.7 

1 3+0·5 
· -0.4 

Terrace 5 3 4+1.4 
· -1.1 

2 2+0·5 
· -0.4 



expected since the relative timing of fault displacement events and 

formation of a geomorphic surface is variable. For example, two ter

races in a sequence may preserve the same fault displacement if the 

interval between terrace formation is less than the interval between 

faul ting events. The slip rates canputed from these two surfaces 

would be different, yet they would not reflect true variability in 

faul t-slip rates. SUCh a cause for variations in slip rates should 

be recognizable for geomorphic surfaces whose age difference is close 

to or less than the average return period for surface rupture events 
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on the fault that displaces them. Average return periods for individual 

faul ts of the Alpine shear system probably are between 500 and 1000 yr 

(3. Adams, 1980b; Berryman, 1984). Variations in slip rates among 

surfaces whose age difference is much greater than 1000 yr are not 

likely to be caused by this relative timing factor, but rather they 

reflect errors in fault-slip measurements and/or age estimates or 

true changes in rates of fault slip. 

The variations in slip rate shown in Table 17 can be better 

examined by considering the slip data graphically. Displacement-time 

diagrams are a camnon representation of fault-slip data. Figures 

60, 61, and 62 are lateral faul t-slip diagrams for the three main 

Marlborough study sites at Branch River, Saxton River, and Hope Springs 

Eternal, respectively. These and the displacement-time diagrams for 

other sites in Appendix F are constructed by first using a cross to 

mark the point representing the best displacement and age values. 

A box then is drawn around the cross, with the dimensions of the box 

corresponding to the conf idence limits on displacement and age. This 
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same approach is used to construct displacement-time diagrams for 

vertical displacement data for the main Marlborough sites (Figures 

63, 64, and 65) and other sites (Appendix F) . Differences in the 

vertical displacement between terraces (Figures 66, 67, and 68) can 

shcM changes in direction of upthrow. These diagrams are constructed 
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by plotting the difference in vertical displacement between two terraces 

against the age difference between these two terraces. Instead of 

l::xlxes, bars are used to depict these differential displacements. 

The horizontal bar is the age difference between the two terraces, 

the vertical bar is the uncertainty in the differential displacement. 

A further way to describe variations in slip rates is to compute 

incremental rates--the rate of slip for an increment of time. The 

data from faulted stream terrace sequences are particularly amenable 

to this approach, as multiple time increments can be defined. Using 

the displacement-time diagrams, time increments during which fault 

slip occurred at a more-or-less constant rate are defined. Data from 

the fault slip and age tables are used to compute slip rates for those 

increments. Incremental lateral slip-rate calculations shcM changes 

at several Marlborough sites, and results are listed in Table 18. 

Incremental slip-rate calculations also are included for Branch River 

to illustrate the usefulness of the approach in indicating a lack 

of significant variation in incremental slip rates. At Branch River 

most of the apparent slip-rate variation is due to the displacement

terrace relative age factor discussed earlier. 
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TABLE 18 

INCREMENTAL LATERAL SLIP RATES 

Fault Site Period (leal Rate (~(¥) 
Alpine Branch River 13.8 - 6.2 5.2_1. 7 
(Wairau) 

6.2 - 0 4 8+1.4 
· -1.0 

Waihopai River 8.6 - 5.1 16.4~~:; 
5.1 - 0 3 5+1.4 

· -1.2 

Awatere Saxton River 9.5 - 3.0 7 7+2 •6 
• -1.7 

3.0 - 0 3.5±<>.5 

Grey River 3.3 - 2.5 11.9~~:~ 
2.5 - 0 3 4+3 •4 

· -1.7 

Clarence Waiau/Edwards 12.0 - 3.0 9 3+2 •5 
· -1.7 

3.0 - 0 1 2+0·9 
· -0.4 

Clarence River 20.0 - 1.5 10.8~~:~ 
20.0 - 8.0 11.0~~:~ to 12.4~~:~ 
8.0 - 1.5 7.8~~:~ to 10.4~~:~ 
1.5-0 O.O:tO.O 

Hope Glyrm Wye 16.6 - 4.4 25.0~t~ 
4.4 - 0 8 2+2 . 0 

· -1.6 

Hope Springs Eternal 16.0 - 8.3 55.8~lt! 

11.1 - 8.3 78 6+21 . 1 
· -11.5 

11.1 - 4.4 49.9~1~:~ 

8.3 - 4.4 38.5~1~:~ 

4.4 - 0 4 1+1.5 
· -1.1 

Hope/Kakapo Glyrm Wye 16.6 - 4.4 31.4~::~ 
canbined 

4.4 - 0 13.2~!:~ 



Reliability of Slip Rates 

The slip rates obtained for the study sites vary in reliabil

i ty . In this section the reliability of overall and incremental rates 

are considered for many locations. 
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Si tes AlOng the Main Alpine Fault. Slip-rate data were obtained 

fran six sites along the Alpine fault southwest of the Hope fault junc

tion (Table 17). Rates from all sites are assigned high standard 

errors, both because age estimates have ICM precision and because 

displacement measurements are difficult to make due to vegetation 

and/or difficulty in determining correlations of geomorphic reference 

lines across the fault. Of the three sites with faulted late-glacial 

moraines, the Wcmganui River site is least reliable as the displacement 

value is speculative. The average right-lateral slip rate in the 

latest Quaternary for the Alpine fault in South Westland appears to be 

between 20 nun/yr and 30 nun/yr. The rate may increase northward to as 

much as 45 nun/yr in the Wcmganui-Hokitika area, but this rate is not 

statistically different from the rates farther south. Late Holocene 

rates obtained fram sites in South Westland and the Hokitika area 

suggest slip about half as fast as during the entire latest Quaternary. 

However, the terraces at these sites probably have been displaced by 

no more than 2 or 3 rupture events, and perhaps only 1 event at Toaroha 

River, so the displacement-terrace relative age factor may be important 

here. Thus, the sites along the Alpine fault suggest latest Quaternary 

lateral displacements of 20-30 nun/yr, perhaps greater in places, and 

there may be a 50% decrease in rate in the late Holocene (Figure Fl) . 



Data on vertical slip rates were not obtained fran the faulted 

moraines, so comparisons of incremental vertical slip rates are not 

possible from the present data. Late Holocene vertical slip rates for 

the South Westland sites are around. 2 mm/yr, SE-side-up. The higher 

rate from the Toaroha River reflects the youthfulness of the faulted 

terrace, which is probably younger than one average fault-rupture 
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cycle, rather than any change in displacement rate along the fault. 

These rates generally are only 1/3 to 1/2 the longer-term rates obtained 

by Bull and Cooper (in prep.) for uplifted marine terraces. 

Sites AlOng the Alpine Fault Bend. Slip-rate data were obtained 

at three sites along the Big Bend portion of the Alpine faul t--Maruia 

River, Matakitaki River, and Lake Rotoiti. The Maruia River data yield 

the lateral and vertical slip rates since formation of the oldest of 

three equall y-displaced stream terraces. This may represent two faul t

rupture events (Berryman, 1975), the younger of which would postdate 

the fourth terrace at the site and have produced primarily vertical 

displacement (Figure A3). Al though no age data were gathered from this 

terrace, its position just above the active river floodplain suggests 

it is no more than a few hundred years old. The slip rates obtained 

here are greatly affected by the displacement-terrace relative age 

factor, and they carmot be used as a reliable indicator of longer-

term fault slip. Furthermore, although faul t-slip data were obtained 

from a Holocene terrace on the north bank of the river, no relative

absolute dating was obtained. The terrace is Holocene (cf. Mabin, 

1983a), and if it is assumed to have an age aratmd 10 ka a slip rate 

of approximately 4 mm/yr is obtained. 



The t--.a.taki taki River and Lake Rotoi ti sites, how3ver, yield 

reliable data on fault sl ip through the bend. Moraines at Mataki taki 

and Rotoi ti have similar ages, so the difference in slip rate, by a 

factor of three, is an indication of true spatial changes in rate of 

lateral slip. The data indicate that lateral slip along the Alpine 

faul t decreases through the Big Bend. 

Wclirau Section, Alpine Fault. Data from the Branch River 
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and Wclihopai River sites yield different patterns of latest Quaternary 

lateral slip along the Wclirau section of the Alpine fault. The Branch 

River terraces preserve a record of an essentially constant rate of 

lateral slip during the last 14 ka (Figure 60). Age estimates suggest 

that the upper 5 degradation terraces are quite old relative to terrace 

ages obtained at other sites. The displacement-terrace relative age 

factor is important here, as Terraces 4 and 5, with their nearly iden

tical ages and displacements, plot somewhat outside of the general 

slip-rate trend from the other terraces. Although no data are available 

to analyze details of fault movement in the late Holocene, the trend 

of latest Pleistocene and early Holocene data shows a consistency 

of slip rates. 

In contrast, the data from Wclihopai River indicate a substantial 

change in slip rate from early to late Holocene (Table 18; Figure F2). 

The oldest displaced surface at Waihopai River is mapped as an aggrada

tional terrace (Brown, 1981). Lacking any other information, the 

weathering-rind age of 8.5 ka for this surface would be suspiciously 

young, and the resulting incremental slip rate would be unreliable. 

However, aggradational events in the lower Wairau Valley continued well 



into the Holocene (Brown, 1981), largely due to pulses of sediment 

migrating downstream. But rising sea level in the early Holocene pro

duced local changes in the river's base level, as marine incursions 

into the wairau Valley reached within 5 km of the waihopai River site. 

Thus a young age for the aggradation surface at the waihopai River 

si te is not surprising, and the slip-rate data probably are reliable. 
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The vertical displacement-time diagram for Branch River (Figure 

63) shows a phenanenon noted by Lensen (1968): an apparent reversal 

in direction of vertical displacement in the late Pleistocene. This 

is better detailed in Figure 66, which shows the difference in vertical 

displacement between terraces of different ages. The vertical displace

ment between T1 and T2 is up on the northwest, while all subsequent 

displacement has been up on the southeast. At waihopai River vertical 

displacement is consistently up to the southeast (Figures F3 and F4) . 

If a reversal in slip direction occurred here, it was prior to the 

age of the oldest terrace studied. The nature of the Branch River 

reversal is discussed in Chapter 5. 

Awatere Fault. Data on lateral slip from the Grey River (Figure 

F5) and Saxton River (Figure 61) sites indicate substantial variations 

in Holocene slip rates, analogous to those found at waihopai River. 

This is clearly reflected in the incremental slip rates from the two 

sites (Table 18). At Saxton River, a consistent pattern of slip is 

recognized from the beginning of the Holocene until about 3 lea. Only 

one rupture event has displaced the youngest terrace, which has a 

maximum age of 2.0 ± 0.4 ka. Thus late Holocene slip has been substan

tially less than early Holocene slip at this site. The age of the 
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youngest terrace is uncertain, and the displaced portion may be younger 

than 2 ka. But the trend in slip rate is unaffected by the actual 

age of T5; the change in rate would still be present, even if T5 is 

much younger than estimated. The pattern is highly reliable. 

Less reliability can be placed on the degree of change in the 

lateral slip rate at Grey River. A change of nearly an order of magni

tude is suggested by the data, but this may indicate that the age of T2 

in particular has been substantially underestimated. Even if the ages 

of T2 and T3 are underestimated by a factor of 2, the decrease in rate 

in the late Holocene still is significant. Underestimation of the T2 

age is not likely to be much greater, since this terrace is the first, 

possibly the second, degradation terrace below a latest Pleistocene 

aggradation surface. It is curious that the late Holocene rate at Grey 

River appears to be essentially identical to that at Saxton River. 

Vertical displacements on the two oldest terraces at Saxton 

River are canplicated by pressure ridges and sag ponds along the fault, 

but on the west side of the river the terrace equivalent to T2 is 

displaced up to the SE and the Tl equivalent up to the 1M. Long-period 

displacement and most bedrock fault scarps (Figure 12b) are up to the 

1M, and displacements of T3 through T5 show consistent ~up fault 

movement decreasing with decreasing age (Figure 64). A change in ver

tical displacement rate is indicated by the data from T3 through T5, 

and the lack of clear-cut 1M-up scarps on Tl and T2, east bank, suggest 

a change in direction of throw in the early or middle Holocene (Figure 

67) or a change in throw along the strike direction of the fault. 
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Long-term vertical slip at Grey River has been up to the north

west (Lensen, 1964b), but the displaced terrace sequence shows variable 

vertical displacement (Figure F6) with younger surfaces displaced up 

to the SE on the differential displacement diagram (Figure F1). A 

SE-side-up scarp is typical of the late Quaternary trace of the Awatere 

fault in Awatere Valley (Figure 12a). Thus, a change in direction 

of throw has occurred at Grey River. 

Clarence Fault. Two sites studied along the west-central 

Clarence fault yield similar results for both lateral and vertical 

slip rates. Lateral slip at the waiau-Edwards site shows an apparent 

dramati:: decrease in rates between the latest Pleistocene waiau Tl 

and the late Holocene Scotties Camp terrace (Figure F8). The latter 

surface is displaced probably by only one faulting event. However, 

a second trace of the Clarence fault that does not displace the Scotties 

camp terrace may exist (Kieckhefer, 1979), and the age estimate for 

the Camp terrace is not highly reliable. Thus the change in slip 

rate is not well proven at this site. 

At the Clarence River site a change in lateral slip rate is 

clearly shawn by the displacement data (Figures FlO and F13) as two 

young terraces, the older of which has an estimated age of 1.5 ka, are 

not displaced by the fault (Figure 28). Incremental slip rates of the 

older terraces and the moraine on the east bank indicate consistent 

latest Pleistocene and early-middle Holocene slip rates of 8-11 nun/yr. 

Thus the Clarence fault apparently has not ruptured. in the latest 

Holocene, while earlier Holocene slip was around 10 nun/yr. 
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The age estimates for the oldest surfaces at Clarence River 

are not highly reliable, so the degree to which a change in rates has 

occurred also is only moderately reliable. However, a clear chan.;1e in 

slip rate is seen even if the extremes in assigned displacement and age 

values are used. The lack of displacement of the two youngest terraces 

at Clarence River may be a result of the displacement-terrace relative 

age factor: the age span of the terraces may not bracket the return 

period of fault-rupture events. However, if displacements of a few 

meters, such as that preserved at Scotties camp, are characteristic 

of rupture events alo~ this fault, then the average return period 

for a 3-5 m displacement along a fault with 8-11 mm/yr slip rate is 

0.3-0.6 ka. In the 1.5 ka represented by the unfaul ted terraces, 

at least two and as many as five rupture events should have occurred. 

Thus the Clarence River data strongly indicate a decrease in Holocene 

lateral fault-slip rates. 

Data on vertical displacement from the waiau-Edwards sf te 

are consistent with uniform, NW-side-up slip (Figure F9), and contrast 

with the horizontal slip data previously discussed. Vertical displace

ments at the Clarence River (Figures F11 and F14) exhibit multiple 

reversals in upthrow direction, as is most clearly visible from differ

ential displacement diagrams (Figures F12 and F15) for the terraces of 

the Clarence. The rapidity of these multiple reversals is uncertain 

because of the uncertain ages for old terraces. However, the Clarence 

River data clearly exhibit variability in latest Quaternary upthrow 

direction. The longer-term upthrow direction of the Clarence fault is 

not well known in this area. Farther east, where the Clarence fault 



is parallel to the middle Clarence River, long-term upthrow is to 

the NW, as the Inland Kaikoura Range is uplifted along the Clarence 

faul t. Kieckhefer (1979) shows south-side-up displacement along much 
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of the central and west-central Clarence fault, but variation in upthrow 

side is comnori. among latest Quaternary scarps on this fault. 

Hope Fault. Data on lateral displacements from the Glynn Wye 

(Figure F16) and Hope Springs Eternal (Figure 62) sites indicate sub

stantial variations in slip rates during the Holocene. At Glynn Wye, 

the latest Pleistocene-middle Holocene lateral slip rate is more than 

double the late Holocene rate when displacement values fran the Kakapo 

fault are added to those from the main Hope fault (Table 18), and more 

than three times if only the Hope fault data are used. These displace

ment rates are considered very reliable, as the age estimates for the 

various surfaces are in good agreement with constraints placed by 

regional correlation, geomorphic position, and radiocarbon dating. 

The displacement-age data from the Charwell River, Hope Springs 

Eternal site display the most pronounced change in lateral slip rates 

of any of the studied sites (Figure 62). However, the displacement 

data are only moderately reliable: the presence of a well-developed 

graben within the fault zone (Figure 51) and the poorly preserved 

terrace remnants upstream of the fault make correlations of terraces 

across the fault uncertain. This problem was discussed in Chapter 

2, and a "best-estimate scenario" was constructed to determine the 

displacement values. The large displacements and corresponding incre

mental slip rates suggested for the aggradation surface and Terrace 1 

assume that the Charwell River flowed directly out of its canyon, and 
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not parallel to the fault, during formation of these terraces. Even 

using the minimum constraining value of 230 ± 5 m for the Tl displace

ment (cf. Chapter 2), the incremental rate for the early-middle Holocene 

is nearly 32 mm/yr, still an order of magnitude greater than the late 

Holocene rate. Thus, despite uncertainties in the slip values for 

many of the Charwell River terraces, the site indicates a remarkable 

decrease in the rate of lateral slip in the late Holocene. 

Wi th the exception of two terraces, T3 and T4, vertical dis

placement data using scenario 1 show a pattern very similar to the 

lateral data at the Hope Springs Eternal site. A relatively constant 

rate is seen in the early and middle Holocene, and a significant drop

off, in this case less than an order of magnitude, occurred in the late 

Holocene (Figure 65). The T3 and T4 data, however, suggest either that 

changes occurred in vertical slip during the Holocene, or that these 

terraces have been incorrectly correlated across the fault and graben. 

The changes in displacement pattern implied by these data are particu

larly emphasized in the differential displacement diagram (Figure 68). 

Data were obtained fram only one of the displaced terraces 

at the Hapuku River, so incremental slip cannot be examined. Data 

fran this site indicate a higher ratio of vertical to lateral slip 

than elsewhere along the Hope fault, and a lower post-middle Holocene 

lateral slip rate is found here than at other sites. 

Other Faults. Data on lateral slip obtained from the McLean 

Stream site on the Kekerengu fault and the Red Lakes Stream site on 

the Porters Pass fault indicate less substantial variations in Holocene 

slip rates at these two sites than at many other study locations 



(Figures F17 and F18). The data from Red Lakes Stream are only moder

ately reliable due to the uncertainty in matching terraces across the 

fault, as discussed in Appendix A. With the displacements as listed 
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in Table A3, vertical displacement apparently increases with decreasing 

age (Figure Fig) at this site. The differential vertical displacement 

diagram illustrates the nature of the apparent changes jn upthrow 

direction (Figure F20). The apparent decrease in vertical displacement 

wi th increasing terrace age may be a spatial, rather than temporal, 

phenomenon, however. The fault scarp dies out on Terrace 2 and carmot 

be traced across Terrace 1 or older surfaces, implying that this trace 

of the Porters Pass fault dies out at this site. The large amount of 

upthrow of Terrace 5 is inconsistent with the heights of scarps pre

served at most other locations along the Porters Pass fault and with 

the near-zero vertical displacement rate computed across the fault 

from inferred marine terrace renmants (Bull, personal caranunication). 

The Porters Pass fault zone itself is up to several kilometers wide 

in places, and large vertical displacements on one trace may be can

celled out by oppositely-displaced traces elsewhere in the fault zone. 

Al though no other traces were recognized at this site, the complexities 

of the fault zone still may explain the anomalously high vertical 

displacements recognized here. 

Lateral fault-slip rates for the latest Quaternary have been 

obtained from 20 sites within the Alpine shear system. "Best" values 

are shcMn in Figure 69. Studies of displacements of seqnences of 



Figure 69. Best-Value Lateral Slip Rates. Values in mm/yr. Values 
in parentheses for latest Holocene (last 3-5 ka) only; other values 
for latest Quaternary (last 15-20 ka). Slip-rate data listed in 
Table 17. Bars shc:M approximate locations of slip-rate transects 
compiled in Table 21. 
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geomorphic surfaces have shown that slip rates have varied during the 

Holocene at many of these sites. Figures 70 arKi 71 show incremental 

slip rates from early-middle and late Holocene for many of the study 
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si tes. These are best values arKi do not include the confidence inter

vals listed in Tables 17 and 18. These summary diagrams illustrate 

decreases in lateral slip rates in the late Holocene arKi spatial vari

abili ty in slip rates on individual fau! ts. These changes are discussed 

in Chapter 5. 

Vertical slip across most of these faults generally exhibits a 

less consistent nature and cannot be so easily summarized as can the 

lateral slip. At many sites, the sense of vertical displacement has 

changed with time, so that during the latest Quaterrlal:'Y some rupture 

events have produced south-side-up displacement while others have 

produced north-side-up displacement. This is evident at several of 

the Marlborough sites, but movement across the main Alpine fault north 

of Fiordland has been consistently SE-side-up. 

Spatial changes in the vertical component of slip can be exam

ined in two ways. A gradual drop-off in vertical slip rate is seen 

in Figure 72 from the main Alpine fault through the Bend to the wairau 

segment. Addi tiona! changes are seen by comparing ratios of lateral 

to vertical displacement at various sites (Table 19), where a decrease 

in the ratio indicates an increasing component of vertical displacement 

relative to lateral displacement. The ratios are consistent for late 

Holocene displacements on the main Alpine fault, ranging between 6 

and 7. These values decrease through the Big Bend, indicating the 

increased relative importance of vertical displacement through this 
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Figure 70. Farly-M1ddle Holocene Inctremental Lateral Slip 
Rates. Time periods covered at each sites are sunrnarized 
in Table 18. All values in rrm/yr. 
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-....--3.4 

Pigure 71. Late Holocene Lateral Slip Rates. Time periods 
covered are SUJJJDarized in Table 18. 
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---- 2. • ••• 1 
L.-...L.---J'L.-...L.---1' 

Figure 12. Vertical Slip Rates, Alpine !Paul t. Values in parentheses 
are late Holocene: other values are latest Quaternary. All values 
in rmn/yr, SE side up. 
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TABLE 19 

IATERAL/VERTICAL RATIOS 

Site Surface Ratio Site Surface Ratio 

Okuru R. Terrace 6.1 Clarence R. Moraine 66.7 
Mahitahi R. Terrace 6.1 Terrace 1e 170.0 
Toaroha R. Terrace 6.7 Terrace 2e 25.0 
Maruia R. Terrace 2n 3.3 Terrace 1w 102.0 

Terrace 1s 3.5 Terrace 2w 30.2 
Terrace 3s 8.2 Terrace 3w 12.3 

Matakitaki Terrace 4.1 Manuka Str. Terrace 2 12.3 
Lake Rotoiti Older moraine 6.8 Hope Springs Terrace 1 39.0 

Younger mor. 12.7 Eternal Terrace 2 28.3 
Branch R. Traverse Ridge 8.6 Terrace 3 11.7 

Terrace 1 76.9 Terrace 4 7.7 
Terrace 2 22.0 Terrace 6 17.5 
Terrace 3 24.7-27.6 Terrace 7 12.5 
Terrace 4 24.6 Terrace 8 16.7 
Terrace 5 24.4 Terrace 9 9.0 
Terrace 6 33.2 Terrace 10 44.0 

Waihopai R. Terrace 1 19.7 Terrace 11 5.2 
Terrace 2 37.3 Fan 7.9 
Terrace 3 25.1 Hapuku R. Boulder Bar 3.5 

Saxton R. Terrace 3 10.0 Kakapo Brook Terrace 1 29.9 
Terrace 4 5.6 Terrace 2 10.5 
Terrace 5 17.8 Terrace 4 16.7 

Grey R. Terrace 3 30.6 Ptt:Lean Str. Terrace 4 6.4 
Terrace 4 10.2 Red Lakes St. Terrace 3 5.0 
Terrace 5 3.1 Terrace 4 3.1 

Waiau R. Terrace 2 43.5 Terrace 5 1.5 
Edwards R. Scotties Camp 7.2 
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section of the fault that deviates most from the reg10nal plate-boundary 

trerxi. Values along the wairau segment are much higher, reflecting 

the decreased vertical canp:ment of displacement during much of the 

Quaternary that has resulted in a general decrease in mountainous 

relief to the northeast. Ratios of lateral to vertical. faul ting along 

the Hope fault are lowest east of the branching of the Kekerengu fault, 

so that the Hapuku River site exhibits a higher proportion of vertical 

displacement than the Hope Springs Eternal site. 

Transects Across the Shear System 

The data that have been gathered allow the construction of 

several transects to stnn fault slip across the Alpine shear system. 

Six transects, some of which incorporate data from sites some distance 

away from the main transect line, are used. The first is across the 

southern main Alpine fault including data from Okuru River and Moeraki 

River (Transect A in Figure 69). The second is across the central main 

Alpine fault and the Southern Alps including data from Wanganui and 

Toaroha Rivers and the Porters Pass fault (Transect B). The third is 

across the western end of Marlborough as the faults splay, incorporating 

data from Maruia River, Wcliau-Edwards, Glyrm Wye, and Red Lakes Stream 

(Transect C). The fourth is across western Marlborough and the four 

main faults, incorporating Lake Rotoi ti, Saxton River, Waiau-Edwards, 

and Glyrm Wye (Transect D). The fifth is across central Marlborough, 

incorporating rranch River, Grey River, Clarence River, and Hope Springs 

Eternal (Transect E). The final transect is across eastern Marlborough, 

incorporating Waihopai River, Grey River, McLean Stream, and Hapuku 
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River (Transect F). In each case the transects are taken approximately 

normal to the regional plate-boundary trend. Transect B lacks data from 

many short faults mapped in the Southern Alps, although they probably 

contribute no more to the total slip than the Porters Pass fault. 

Transect F does not use data from the Clarence fault, as no sites that 

far east were investigated. However, the geomorphic expression of the 

eastern Clarence fault is subdued, and the slip contribution probably 

is not large. 

Summations of Fault-slip Data 

. Slip-rate data can be combined in many ways to examine overall 

faul t slip across each transect. An ari tlunetic sum of slip rates from 

each fault has several problems. The slip vectors of each fault tend 

to differ along the fault and fr~ fault to fault, and aritiunetic 

S\.DIDII.ing will not account for these differences, particularly if the 

differences are great across the region. However aritiunetic S\DIII1ling is 

the canmonly-used approach for combining fault-slip rates (Anderson, 

1979; Wesnousky and others, 1982) and is the first approach used here. 

Vector summdng across the transects accounts for deviations 

among fault attitudes, in both strike and dip. With this method the 

horizontal strain field can be resolved into components of shear paral

lel to the plate boundary and convergence normal to it. SUch vector 

addition requires first that horizontal components of slip can be 

determined. To obtain contributions to the horizontal strain field from 

vertical displacement data, the fault dip must be known. The dip-slip 

component of fault slip can be resolved into vertical and horizontal 
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comp:ments. As the vertical component is known fran field measurements, 

the horizontal component is calculated from 

H = V/tan d (3.1) 

where d is the fault dip angle, V is the vertical canponent of dip slip, 

and H is the horizontal component. H is oriented normal to the fault 

strike. Fault dip values are obtained from the literature (Sibson and 

others, 1981; Lensen, 1962, 1976; ~rryman, 1979; Kieckhefer, 1979; 

Freund, 1971), supplemented by field measurements at Charwell River. 

Strikes were measured from topographic maps or in the field. Fault 

atti tude data are listed in Table 20. The contribution of the dip-

slip rate to the horizontal strain field is computed and listed in 

Table 20. 

The components of shear and convergence in the horizontal 

strain field are obtained by resolving the strike-slip rate and the 

horizontal component of the dip-slip rate to a reference direction, 

in this case the plate b:rundary. If it and Y are unit vectors in the 

strike and normal directions, respectively, of the fault, and i and 

j are unit vectors in the shear and convergence directions of the 

reference frame, then Hy is the horizontal canponent of the dip-slip 

displacement, Hx is the str1ke-slip displacement, Si is the shear 

component, and C j is the convergence component. Because of the 

def ini tions, it and Y are normal and .1 and j are normal, so a is the 

angle between it and i or between y and j. The angle a is taken positive 

to produce positive shear and convergence values for strike-slip, 
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TABLE 20 

SLIP RATES RELATIVE TO PLATE BOUNDARY 

Site ~e Ranae Fault Attitude Plate Boundarv 
Strike, Dip Si Qj 

Okuru River Late Hol. N59E, 55SE 1.54 13.6 1.B 
Moeraki River Late Quat. N5BE, 55SE 3.50 23.3 3.5 
Wanganui River Late Quat. N52E, 55SE 3.22-4.B3 45.2 5.6-7.2 
Toaroha River Late Hol. N53E, 55SE 2.BO 26.3 3.7 
Maruia River Late Hol. N4BE, 70SE 0.32 3.0 0.7 
Lake Rotoiti Late Quat. N60E, 70SE 0.22 4.2 0.6 
Branch River Late Quat. N63E, BOSE 0.04 5.0 0.2 

Early-mid H. 0.06 5.2 0.2 
Late Hol. 0.03 4.B 0.2 

Waihopai River Late Quat. N75E, B5SE 0.04 B.6 1.6 
Early-mid H. O.OB 16.1 2.9 
Late Hol. 0.01 3.4 0.6 

Saxton River Late Quat. N70E, BOSE 0.12 6.9 0.7 
Early-mid H. 0.17 7.7 O.B 
Late Hol. 0.04 4.0 0.4 

Grey River Late Quat. N64E, BONW O.OB 5.5 0.2 
Early-mid H. -0.12 11.9 0.1 
Late Hol. 0.19 3.4 0.3 

Waiau/Eciwards Late Quat. N70E, 75NW 0.05 7.3 0.7 
Early-mid H. 0.05 9.3 0.9 
Late Hol. 0.05 1.2 0.1 

Clarence, east Late Quat. N62E, 75NW 0.04 B.5 0.5 
Early-mid H. 0.06 12.4 0.6 
Late Hol. 0.00 0.0 0.0 

Glyrm Wye Late Quat. N70-BOE, 27.1 2.4 
Early-mid H. BONW 31.6 2.B 
Late Hol. 0.16 13.2 1.3 

Hope Springs Late Quat. N65E, 75NW 0.24 20.5-35.0 0.2 
Eternal Early-mid H. 0.32 37.5-49.9 0.3 

Late Hol. 0.12 4.1 0.1 
Hapuku River Late Hol. N56E, 70NW 0.23 2.2 0.6 
McLean Stream Late Hol. N37E, 70NW 0.43 6.B 3.B 
Red Lakes Str. Late Hol. N63E, BONW 0.39 3.4 0.5-0.9 

NOTES: Refer to Table IB for increments of time represented at each 
site. My is horizontal component of dip-slip displacement 
rate; Si and Cj are boundary-parallel and boundary-normal 
components of motion in plate-boundary reference frame. All 
rates are in mm/yr. 
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reverse faulting. Then Si and Cj are obtained as follows: 

Si = "xcosa+ Bysina (3.2) 

Cj = 1fxsina+ lfycosa (3.3) 

The regional plate-boundary strike, defined in Table 2, is used as 

the i direction. Values of Si and Cj are shown in Table 20. 

These approaches produce values to be S1.DlIned across the tran

sects, with the arithmetic smns of horizontal and vertical slip rates 

shcMn in Table 21. These data form the bases for canparison with 

lang-period slip rates and for discussion of the distribution of strain 

across the Alpine shear system in time and space. 
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TABLE 21 

~TIONS OF SLIP RATES ACROSS TRANSECTS 

Transect Time Period Arithmetic Plate-Boundarv Straip 
~ Q. Si Qj !. 1 

A. Southern Alps tate Quat. 23.3 5.0 23.3 3.5 11.7 1. 75 
incremental 24.2 
tate HoI. 13.5 2.2 13.6 1.8 6.8 0.9 

B. Central Alps tate Quat. 45.0 4.6-6.9 45.2 5.6-7.2 6.5 0.8-1.0 
incremental 45.4 
tate Hol. 29.7 6.2 29.7 4.6 4.2 0.7 

C. Western t'.ar 1. tate Hol. 22.4 4.4 20.8 2.7 2.1 0.3 
D. West-central tate Quat. 46.8 2.0 45.5 4.4 5.7 0.55 

Marlborough incremental 54.6 0.8 52.8 5.1 
tate Hol. 22.5 1.9 22.6 2.4 2.8 0.3 

E. Central Marl. tate Quat. 39.5-54.0 1.3 39.5-54.0 1.1 4.7-6.4 0.13 
incremental 66.0-78.2 2.4 65.0-77.2 1.2 
tate HoI. 15.7 1.8 12.4 0.6 1.5 0.07 

F. Eastern Marl. tate HoI. 16.6 3.0 15.8 4.0 2.1 0.54 

NOTES: All slip rates in mm/yr, all strain rates in 10-7/yr; 
i-direction is boundary-parallel, j-direction is boundary-
normal. Refer to Table 18 for definition of time intervals. 



CHAPTER 4 

PRESENT-DAY TECTONICS OF THE ALPINE SHFAR SYSTEM 

Defining the present-day tectonics of the Alpine shear system 

involves combining long-period (106_107) and intermediate-period (103-

104 ) tectonic data already presented with data that define activity in 

the last century or so to form an integrated picture of how the short

period (101-102 ) activity fits into the longer-term tectonic environ

ment. The short-period data include analyses of historical seismicity 

to define the spatial distribution of seismicity, rates of activity, and 

regional consistency of focal mechanisms, and analyses of geodetic data 

to define directions, rates, and spatial distribution of strain accumu

lation. Analyses of historical seismicity d~ta are presented first. 

Published interpretations of geodetic data then are reviewed. Fina11y, 

these data are combined to define the short-period tectonic envirorunent, 

and these interpretations are considered together with the long- and 

intermediate-period data to resolve questions about the significance 

of temporal variations in slip across the Alpine shear system. 

Historical Seismicity 

Historical seismicity data commonly are used to define rates 

of plate interactions (Davies and Brune, 1971). Although various 

techniques have been used, a11 workers have computed seismic moment 

and moment-release rates to obtain slip rates. Combining moment data 

with focal mechanism solutions, the moment tensor can be defined, and 
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this in tum yields strain rates. In this section the historical 

seismici ty data reviewed in Chapter 1 are used to compute manent-release 

rates across the Alpine shear system in the nor them South Island. 

A review of focal mechanism solutions provides an indication of. the 

regional slip vector and regional pressure and tension axes, which 

allow the computation of the regional rnanent tensor. These are used 

in tum to compute the strain tensor. 

Seismic Moment-Rate Analyses 

Brune (1968) noted that the seismic moment Me can be defined 

in terms of the average slip and area of the fault plane that ruptured 

during the earthquake: 

(4.1 ) 

where 1.1 is the shear modulus (generally taken as 3.3XlO11 dyne/cm2), 

ii is average slip on the fault surface, and A is the area of the fault 

that was ruptured. The fault area A is sanetimes modeled as a circular 

fault area, but for large plate-boundary earthquakes, particularly on 

strike-sl1p faults, the rupture area camnonly is rectangular in shape. 

Thus A is the length of the fault rupture, measured either from surface 

rupture or from the length of the aftershock zone, mul tipl1ed by the 

width of the fault plane, which is approximately the depth to which 

rupture proceeds for high-angle faults, but is properly the along-dip 

length of the fault rupture surface. Fault width is defined commonly 

by the depth of the aftershock distribution. 

The moment also can be calculated from the amplitude of long

period seismic waves for which the ~Javelength is very long compared 
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with the dimensions of the earthquake source (Brulle, 1968). In theory, 

the manent values obtained from fault dimension and long-period seismic 

waves should be identical. 

The rate of slip can be obtained from eg. 4.1 by summing all 

the seismic moments for a time interval t, using the equation 

ij=~ . ..l 
t )lA (4.2) 

where u is the average displacement rate. IMo/t also is called the 

seismic moment rate, Me. HcMever, seismic moments are not routinely 

obtained for earthquakes, so eg. 4.2 rarely can be solved directly . 
. 

M:>lnar (1979) and Anderson (1979) suggested that Me can be obtained 

by consideration of the frequency distribution of seismic events. 

For a region, the nwnber of earthquakes, N(M), with magnitude greater 

than or equal to a given magnitude M, is defined by the empirical 

Gutenberg-Richter relationship 

log N(M) = a - 1:101 (4.3) 

where a and b are constants. Individual faults canmonl y do not follCM 

this kind of relationship for large earthquakes (Schwartz and Copper

smith, 1984; Wesnousky and others, 1983). Rather, there is a Gutenberg-

Richter relationship up to some moderate magnitude and a discontinuity 

(Wesnousky and others, 1983) or change in slope (Schwartz and Copper-

smith, 1984) to some maximum magnitude "characteristic" of the fault 

and definable through geologic or geanorphic studies. 

Seismic manent also can be related to magnitude by an equation 

of the form 

log Me = eM + d (4.4) 

where c and d are constants, and c is expected to be approximately 1.5 
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(Kanamori and Anderson, 1975). Eq. 4.4 must be solved for a particular 

being studied; for example, Doser and Smith (1983) obtain different 

values of c and d for the Intermountain Seismic Belt than Thatcher and 

Hanks (1973) found for southern california. Eq. 4.3 must be solved for 

each group of seismicity data, as roth a and b values exhibit regional 

change and are sensitive to the completeness of the seismicity catalog. 

Molnar (1979) and Anderson (1979) obtained expressions for MQ by combin

ing these equations and by solving an integral that sums the individual 

seismic manents. Molnar obtains 

~ __ .JL Mornax( 1-8) 
'-'0 - 1-B 

(4.5) 

(4.5) where a = lo(a+bd/c) and B = b/c, with a, b, c, and d as defined 

in eqs. 4.3 and 4.4, and Me max is the maximum seismic manent, above 

which there appear to be no earthquakes, for the region of interest. 

Anderson's relationship, as rewritten by Doser and Smith (1983), is 

Me = 1~~ (MQmax(1-8) - Momin(l-B» (4.6) 

where a is now defined as exp[ (In 10)(a+bd/c)] and MQmin is the minimum 

moment considered. 

The Molnar expression is obtained by truncating the cumulative 

distribution of moment values at MQmax, while the Anderson expression is 

obtained by truncating the log-moment function at Me max (Doser and 

Smith, 1983). Hyndman and Weichert (1983) note that the Molnar approach 

produces a spike in the moment density function at the maximum magni tude 

due to the inclusion of a Dirac-delta function; Anderson's solution does 

not have such a spike since it lacks the Dirac delta. Hyndman and 

Weichert (1983) conclude that the spike in the density function is not 

physically reasonable, so they do not use Molnar's formulation. For 



the present trea'bnent, both the Anderson and Molnar approaches are 

used initially. Molnar's approach yields results about twice as large 

as those obtained Anderson's approach. Given the uncertainties inher

ent in the frequency-magnitude and manent-magni tude relations and the 

differing results from the two approaches, moment-rate determinations 

obtained from eqs. 4.5 and 4.6 are precise only to a factor of 2 to 4. 

In the following sections, a moment-magni tude relationship is 

obtained for New Zealand earthquakes and frequency-magnitude rela

tionships are obtained for the historical seismicity of the Alpine 

shear system in the northern South Island. Moment rates then are 

obtained using these data. 
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Manent-Magnitude Relationship. Gibowicz and Hatherton (1975) 

analyzed source properties of shallow earthquakes from the New Zealand 

catalog. They used the parameter AR, defined by Bnme and others 

(1963), to estimate a "nonnalized seismic manent" for 267 shallow 

earthquakes recorded at the Wellington seismograph station between 1965 

and 1973. AR is the sum of the areas under the long-period surface wave 

traces recorded on all three components of a Press-Ewing seismograph. 

The AR parameter decreases with increasing epicentral distance, as the 

dispersion and attenuation of surface waves vary with distance. Gibo

wicz and Hatherton (1975) found that dispersion becomes important in 

Wellington long-period data at epicentral distances greater than about 

400 lon, so all observed values of AR were normalized to this distance 

( /:). = 3.8 0
). AR also must be corrected for the radiation pattern of 

surface waves. 
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A normalized seismic moment, t-\:,', was computed by Gibowicz and 

Hatherton from AR in order to obtain a dimensionless measure of seismic 

manent. The computation of Mo' involves the recognition of an empirical 

relationship between Me and AR (Wyss and Bnme, 1968) 

log Me = log AR + C ( 4.7) 

where C is 22.5 for the reference distance of 3.8 0 in New Zealand 

and AR is measured in c:m2 (Gibowicz and Hatherton, 1975). Mo' then 

is obtained from the formula 

Mo' = log Me - 17.16 (4.8) 

with Mo in dyne-cm. Gibowicz and Hatherton combined eqs. 4.7 and 

4.8 to obtain Mo' fran AR for the earthquakes recorded at Wellington. 

For the present purposes, Me is the parameter of interest, and it 

has been calculated from t-\:,' for the events of Gibowicz and Hatherton. 

Once seismic moments are calculated, the moment-magnitude 

relationship (eq. 4.4) can be determined. Least-squares fitting was 

used to estimate c and d from the modified data of Gibowicz and Hather

ton. As their data include earthquakes fram throughout New Zealand, 

a subset of the data that includes only earthquakes from the Marlborough 

study region also was investigated. The two relationships obtained 

from the data are 

log Mo = 1. 29M!, + 16" 86 (all data) 

log Me = 1.20Mr. + 17.45 (Marlborough) 

(4.9a) 

(4.9b) 

The applicability of these equations to the entire historical record 

of New Zealand earthquakes may be limited, however, by the fact that the 

seismicity data utilized in their calculation span only a small magni

tude range. The range in the overall data set is 3.7 to 6.3 with most 



events between ~ 4 and 5, but the range for the 38 Marlborough events 

is 3.7 to 6.0 with only two events greater than ~ 5.2. Thus it is 

uncertain heM well these equations will apply to larger earthquakes 

such as the 1848 and 1888 events. This limited magnitude range is a 

principal reason the c-values in eqs. 4.9a and 4.9b are less than the 

expected value of 1.5. Hanks and Kanamori (1979) have obtained a 

rnoment-magni tude relationship for large ear~es (M ~ 7.5) 
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log Mb = 1.5M + 16.1 (4.9c) 

This equation is the third alternative in the moment-rate analyses. 

Freguency=Magni tude Relationship. The frequency-magni tude 

relationship (eq. 4.3) must be solved for each seismicity data set in 

order to incorporate a and b values into moment-rate analyses, since 

a and b vary for different regions and with the completeness of the 

seismic record. Data on shallow historical earthquakes within a region 

encompassing the Alpine shear system in the northern South Island 

(Figure 17) were obtained from the Geophysics Division, D.S.I.R., New 

Zealand. The region outlines were drawn to exclude the 1968 lnangahua 

earthquake and its aftershocks, which occurred northwest of the Alpine 

shear system. 

The data are best described in terms of subsets based on quality 

of locations, magnitude thresholds, and completeness of magn1 tude 

assessments. Only large felt earthquakes are reported prior to 1940. 

Smi th and Berryman (1983) assign magnitudes to the largest, ~ ~ 6.5 

events that occurred during this early period. The record is incomplete 

for events of Mr. < 6.5, although Eiby (1980) has added considerable 

information on aftershocks of the 1848 earthquake. The completeness of 
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the seismic record improves begirming in the period 1940-1944, as the 

majority of the events are assigned magnitudes. For the period 1945-

1949 all events of ML ~ 4.0 probably have been reported, due to re

examination of the original seismograms. Events from the period 1950-

1963 are less well located, as locations have not been recomputed for 

these events. From 1964 onwards the record probably is complete for 

events of Mr.. ~ 3.5. For 'both the 1945-49 am the 1965-82 periods the 

location accuracies are high (M. Reyners, personal corrammication). For 

all time periods only shallow crustal events have been used, as a change 

occurs in the character of seismicity below 12-20 Ion in the northern 

South Island (Arabasz and Robinson, 1976), as noted in Chapter 1. 

Specific focal depths are not assigned for most crustal earthquakes in 

the New Zealand catalog. Instead a restricted depth, such as 12 Ion 

(termed 12R in seismicity catalogs) or 20 Ion (20R) is assigned, depend

ing on the seismic phases found on seismograms. Only those events 

assigned depths of 12R, or with actual depths less than this, are used 

in this study. 

Three subsets of the data were used in the calculation of 

frequency-magnitude relationships for the study region. SUbset 1 

consists of all events with reported magnitudes (915 events), from 1846 

to 1982. SUbset 2 consists of all well-located events, 1945-1949 and 

1964-1982 (679 events). SUbset 3 consists of the more recent events, 

which have the highest quality of location and magnitude assessment and 

the most complete coverage for ML ~ 3.5 (1964-1982, 483 events). 

Three techniques were utilized to compute a and b values. 

Least-squares regression is a standard technique. The other two 
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techniques involve computation of the b value by the maximum likelihood 

method (summarized by Gibowicz, 1973). This gives more accurate and 

unbiased results of b when the magnitude range is larger than two 

magni tude units and the magnitude interval used in log N V9. M is 

small compared to b. Both criteria are met in this study. The appro-

priate equation is 

b = log e 

M-Mnun 

(4.10) 

where M is the mean magnitude of the group of earthquakes and Mmin is 

the smallest magnitude considered. After computing b by maximum like

lihood, a was computed in two ways: 1) assume the magnitude of the 

largest earthquake in the region and calculate a-value directly by trun-

cating the frequency-magnitude relationship at this value; 2) compute 

incremental a values for each N V9. M combination obtained from the 

seismicity data and average to obtain the final a value. Computed 

values of a and b for each seismicity subset are canpiled in Table 22. 

KJment-Rate Results. Resul ts of manent-rate calculations 

are presented in Table G1. Each of the three moment-magnitude rela-

tionships (eqs. 4.9) and each frequency-magnitude relationship was 

used for each of the three seismicity data subsets. Three choices 

of maximum magni tude--7 . 5, 8.0, and 8. 5--were used to determine maximum 

moment for eqs. 4.5 and 4.6. The minimum magnitude used is 3.5, the 

minimum magnitude of earthquakes used in the analysis. 

Al though nearly 3 orders of magnitude are spanned by the 

results, some constraints can be used to choose "preferred" values. 

First, eq. 4. 9b is the preferred moment-magnitude relationship because 



TABLE 22 

FREQUENCY-MAGNITUDE RESULTS 

Seismicity SUbset Least-Squares Maximum Likelihocx:l 
~ !2. !2. a7 . 5 a8 . 0 as . 5 aav 

1. All events with 5.330 0.687 0.729 4.684 5.049 5.413 5.551 
assigned magnitudes 

2. 1945-49, 1964-82 6.293 0.960 0.818 5.038 5.447 5.856 5.612 

3. 1964-82 6.896 1.164 0.923 5.722 6.183 6.645 5.763 

NOTES: a7 • 5 : a-value canputed for Mmax = 7.5, 1 event in 300 years. 
a8 .0: a-value canputed for Mmax = 8.0, 1 event in 300 years. 
a8 .5: a-value canputed for ft\naY. = 8.5, 1 event in 300 years. 
Ciav: average a-value for all N vs. M data pairs. 
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it is restricted to data from the study area. However, there were 

no large-magnitude earthquakes in the data set that determined this 

relationship, and the local magnitude scale saturates for Mr, > 7.0 

because the energy contained in the frequency range used in the canpu

tat ion of Mr, increases slowly or not at all above this level. Thus 
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the relationship may not be very sensl tive to the largest plate-bcnmdary 

events, so -the generalized manent-magni tude relationship of Hanks and 

Kanamori (1979) is used as an alternative to better describe the moments 

fran large-magnitude earthquakes. The greatest contribution to the 

total moment-release rates across the study region would be from the 

largest (Mr, ~ 7) earthquakes. Second, the maximwn earthquake for the 

study region is not well known. Smith and Berryman (1983) use Mr, = 8.5 

wi thout providing a justification. However, the physical dimensions of 

individual faults in the study region are consistent with a maximwn 

magnitude around Mr, = 8.0 (eg. J. Adams, 1979), so this value is pre

ferred here. Third, the frequency-magnitude models using the maximum 

likelihood estimate of b are preferred. The estimate of a is more 

uncertain, but the estimate obtained by averaging a-values for each 

log N vs. M canbination is preferred, as the estimate constrianed by 

truncation of the frequency-magnitude relatiOnship at some maximum 

magnitude is dependent on the porrly-known maximwn earthquake and its 

recurrence interval in the region. Finally, the third data subset is 

preferred, even though it spans the shortest time interval, as the 

seismici ty data from 1964 onwards are the best located and most complete 

for all rnagni tudes above 3.5. Nonetheless, the complete data set 

yields similar results. 



The four "preferred" values listed in Table 23 span nearly 

an order of magnitude. However, the first three differ by only a 

factor of 2 to 4, and the first value-2. 22x1026 dyne-c:m/yr-is taken 

as the best value across the shear system. The confidence interval 

on this estimate is approximately a factor of three. 

Moment Tensor 

The results of the preceding section define a scalar seismic 

moment rate, which can yield a slip rate through eq. 4.2. However, 

the orientation of the inferred slip rate would be unknown, since 

the orientation of the seismic moment is unknown. It is obtained 

by defining the moment tensor, Mo, which is generally expressed as 
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No = pA (Uinj + Ujni) (4.11) 

Where Ui is a unit normal in the direction of the average slip vector 

and ni is the imit normal to the--fault plane (Gilbert, 1970). For 

uniform slip on a single, linear fault plane the principal directions 

of No are the P, T, and a axes of a fault-plane solution and the prin

cipal values are -Mo, Mo, and 0 (Me is th.e scalar seismic moment) . 

Thus to define the moment tensor, the principal axes of the fault-

plane solutions must be obtained. 

Once the seismic moment tensors are defined, they can be SUJI'DlIed 

and used with eq. 4.2 to obtain a slip-rate tensor. In addition, the 

average strain can be computed from the moment tensors USing a relation-

ship developed by Kostrov (1974) 

EiJ· = _L No 
211V 

(4.12) 

where Eij is the average strain tensor, V is the seismogenic volume 



TABLE 23 

ftD£NT-RATE ESTIMATES 

. 
Mot:10b2 SUbset Me> {dvne an/vr} 

1- Data set 3, Mo-M eq. 4.9b, N-M JOOdeI 2 2.22x1026 3. 31x1024 

2. Data set 3, Mo-M eq. 4.9b, N-M JOOdeI 3 8. 41x1025 1.26x1024 

3. Data set 1, Mo-M eq. 4.9b, N-M JOOdeI 2 2.85x1026 4.25x1024 

4. Data set 3, Mo-M eq. 4.9c, N-M JOOdeI 2 1. 26x1027 1.89x1025 

NOTES: Data swmnarized fran Table G2; values listed use the Anderson 
(1979) equation, as modified by Doser am Smith (1983), for 
canputing rocment rate. Data set 1 includes all data with 
magnitudes, data set 3 includes well-located events for 
1964-82. N-M JOOdeI 2 uses maximum likelihood to determine b, 
with a estimated fran maximum earthquake; JOOdeI 3 uses max. 
like. for b with average a value. 
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being considered, and the SUJJlDation is over the nwnber of discrete slips 

on different faults in the volume. The seismic strain energy differs 

from the total strain energy across the shear system by a factor equal 

to the seismic efficiency, 1'/, so is generally an underestimate. 

The moment tensor thus should be canputed for each individual 

earthquake. A less rigorous approximation will be used here, however. 

Available fault-plane solutions are used to define a regional direction 

of the rnanent tensor, and the moment-release rate is used with the 

principal axes of the tensor to canpute the average strain rate as 

defined by seismicity data. The regional tensor axes also are used to 

define a regional slip vector. 

Faul t-Plane Solutions. Faul t-plane or focal mechanism solutions 

generally are obtained by compiling polarities (compressional or dila

tational) of the initial P Nave that is r£:'COrded at a seismograph 

station. For the vertical-component seismograph, a compression is 

recorded as ground motion ~ or away from the source, and a dilata

tion is recorded as ground motion downward or toward the source. The 

angle at which the P-wave recorded at a station originally emerged 

from the earthquake hypocenter is a function of focal depth, velocity 

structure, and epicentral distance. Using this takeoff angle and the 

azimuth from the earthquake source to the station, the P-wave polariza

tion is plotted on a stereonet. First-motion data from numerous sta

tions are utilized, and if azimuthal coverage is adequate and polarities 

correctly measured, then portions of the focal sphere that have like 

polari ties can be defined. The double-couple model of the earthquake 

source requires that regions of opposi te polarity be separated by two 
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orthagonal nodal planes, marked by great circles on the stereonet. The 

nodal planes are chosen to separate the quadrants of compressions from 

those of dilatations. The two nodal planes represent two conjugate 

fault planes, and geologic data, especially surface fault orientations, 

generally are used to assign a preferred fault plane. The other plane 

is called the auxiliary plane. 

A tension axis, T, is located at the center of the quadrant 

of the fault-plane solution containing compressional first motions, 

and a pressure axis, P, is located at the center of the dilatational 

quadrant. An intermediate B axis is located at the intersection of 

the two nodal planes. These three orthagonal axes are used to define 

the moment tensor. The plane containing the P and T axes is a great 

circle on the stereonet, and the intersection of that plane with the 

preferred fault plane defines the slip vector of the earthquake being 

investigated. Equivalently, the slip vector may be defined by the pole 

of the auxiliary plane. A good S\.Dl1JIIarY of the theory and practice of 

determination of fault-plane solutions is provided by Herrmann (1975). 

Faul t-plane solutions are published for most great (M ~ 8) 

earthquakes that have occurred in the last 20 years and for many 

moderate- and large-magnitude events as well. However, few solutions 

are available for individual earthquakes in New Zealand, and no single

event solutions have been published for earthquakes in the Marlborough 

study region. Three solutions for moderate-magnitude earthquakes 

along the Alpine shear system in Fiordland are published (Davey and 

Smith, 1983). These are solutions 15, 16, and 17 listed in Table 

G2 and shown in Figure 73. 



253 

Figure 73. Focal MechaniSDS of ShallCM Earthquakes, Alpine Shear 
System, South Island. Solutions 1-14 are for microearthquakes, 
solutions 15-17 are for moderate-magnitude earthquakes. All 
lower hemisphere projections. P-axis oriantations sham by 
lines emerging fran dilatational quadrants of mechanism. 
Data listed in Table G2. 
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Another common source of fault-plane solutions is fram studies 

of microearthquakes (Mr. ~ 3.5). These studies typically involve the 

field deployment of a small network of portable seismaneters, perhaps 

10-12, for a period carmonly fram 10 days to several weeks (eg. Kruger

Knuepfer and others, in press). Specific targets are sought, such as 

the activity on a particular geologic structure or the aftershock 

distribution of a larger earthquake. Station locations are chosen to 

maximize the azimuthal distribution around the area of microearthquake 

activity. In a typical survey a large number of small earthquakes is 

recorded by a small ntDJlber of stations, so in general it is not possible 

to obtain single-event fault-plane solutions. canposi te solutions, 

which combine first-motion data from a group of microearthquakes with 

similar mechanisms, are ccmputed. The events used in constructing a 

canposi te solution generally are from a restricted source volume, with 

events occurring closely-spaced in time. There are no general rules 

followed to decide how tight a temporal and spatial cluster is required 

in a composite solution. The data in ~~ble G2 and Figure 73 include 

14 canposi te solutions in Marlborough and the main Alpine fault. 

Eleven of the composite solutions from the Marlborough study 

region yield similar azimuths of slip vectors, ranging from 242° to 

273°. The average slip vector azimuth is 257°±100. The three Fiordland 

earthquakes and the microearthquake activity in the Haast-wakatipu 

area all yield similar slip vector azimuths ranging from 77° to 89°. 

The average direction fram these events is 84°±5°, or 264°±5° if the 

other direction of plunge is used, which is remarkably similar to the 

azimuth from the Marlborough data. ~ composite mechanisms differ from 



these results, and both show reverse faulting. In the Southern Alps, 

events on the Torlesse fault north of the Porters Pass fault yield a 

reverse faulting solution (Figure 73) with a slip vector azimuth of 
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304 ° . The reverse-slip mechanism fran the vicinity of the Alpine fault 

at Haast has a slip vector azimuth of 120°. These two mechanisms are' 

different from the remaining data and may reflect local heterogeneities 

in the stress field. The consistent results from the other 15 solutions 

are interpreted as indicators of the orientation of regional stresses. 

P and Taxes, used for defining the moment tensor, are more 

variable than the slip vectors from these solutions (Figure 74). The 

azimuths of both axes are ~ll-constrained from the Marlborough data. 

The average strike of the P and T axes are 302°±14° and 212°±13°. 

The B axis from the Torlesse fault solution is shown in Figure 74, 

because for this reverse-faulting event the BandT axes are reversed 

relative to ot~er regional solutions, probably as a result of slight 

local stress variations. A greater scatter is exhibited in the plunge 

of the P and T axes from Marlborough. The mean values for the P-axis 

plunge in the azimuthal direction noted above are -3°±17° if all data 

are used and 6°.±9° if only the 7 data points in the northwest gtladrant 

in Figure 74 are used. The mean values for the T-axis plunge are 

16°±18° for all data and 15°±14° for the ten data points in the outer 

part of the southwest quadrant of Figure 74. The B axes are more 

variable yet. A mean value using all Marlborough data is 34°±13°, 

plunge 76°±13°. The value constrained by the average P and T axes is 

56°, plunge 73°. The average slip vector obtained from the Marlborough 
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• P-axis 0 T-axis 
• Average P-axis 6 Average T-axis 

+ Average Slip Vector _ B·" axis from Torlesse 
fault 

Figure 74. P and T Axes and Average Slip Vector fran Focal 
MechaniSlltS, Marlborough. Equal-area lower hemisphere stereo
graphic projection. Data listed in Table G2. 
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is 257°±100, plunge 13°±9°, with a value of 257°, plunge 16° constrained 

by the average P and T axes (Figure 74). 

The principal can;Ponents of a seismic manent tensor averaged 

over the entire Marloorough study region thus are -2. 22xl026 dyne-cm/yr 

in the direction 302°, plunge 6°; 2.22xl026 in the direction 212°, 

plunge 16°; and 0 in the direction 56°, plunge 73°. The average slip 

vector is 257°, plunge 16°. Using equation 4.12, the average strain 

rate is computed in these principal coordinates. The volume, V, is 

canputed from the area of the study region, 67x103 kJn2, arrl the depth 

of seismicity, 12 kin, and is 8X105 kln3 . As a first-order approximation, 

it is assumed that this entire volume is seismogenic. The resulting 

strain rate from seismicity data is 4. 2x10-7/yr. The uncertainty 

of this result is at least a factor of two. 

Rate and Orientation of Strain from Geodetic Data 

Various kinds of surveying measurements, especially leveling 

and triangulation, have long been used in the study of recent crustal 

movements. This has been especially true in Japan and the United 

States, but for the last 30 years New Zealand has maintained an active 

program of monitoring crustal deformation with geodetic techniques. 

Since 1973 the New Zealand program has been coordinated and expanded 

due to the impetus of a report by the Royal Society of New Zealand's 

National Committee for Geological Sciences released in 1973. The 

history of geodetic studies and the current program are well summarized 

by Bevin and others (1984a, 1984b). 
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Two principal kinds of surveys have been conducted in New 

Zealarrl with sufficient frequency to provide data for defining the rate 

and orientation of strain across the Alpine shear system in the South 

Islarrl. Regional surveys include both leveling and triangulation, 

with the lines on the triangulation surveys having maximum lengths 

of 60 kIn (Bevin and others, 1984a). The regional triangulation surveys 

include island-crossing networks like the 1982 resurvey of the Karamea

Christchurch belt that crosses the Alpine shear system in southwestern 

Marlborough (Figure 75; Ricketts, 1984), a network in northeastern Marl

borough that crosses part of the shear system (Figure 75; Bibby, 1976, 

1981), and networks across the Alpine fault in Westland (Figure 75; 

walcott, 1978, 1979). Regional releveling surveys have involved reoc

cupation of cross-island highway and railway lines. The Littleton

Westport survey, releveled in 1981, crosses western Marlborough in the 

same area as the Karamea-Christchurch triangulation network (Figure 75; 

Mulder, 1984). Local networks also have been established across active 

faults in many locations (Figure 75; Wood and Blick, in press). These 

networks typically are one to a few kilometers across and are designed 

to monitor local strain across faults. Both leveling and trilateration 

are conducted across these local fau! t monitoring patterns. 

The analysis of geodetic data to obtain strain rates across 

a region is a complex task and is beyond the scope of the present 

study. However, much analysis of data across the Alpine shear system 

in the northern and west-central South Island has been accomplished, 

mostly by Bibby (1976, 1981) and walcott (1978, 1979), and these pub

lished results provide the basis for the following discussions. 



o GEODET!C NET 
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Figure 75. Geodetic Monitoring Nets, Marlborough and Alpine 
Faul t . Only those nets that are discussed in text are 
shown. Westport-atrlstchurch leveling line also shown. 
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Shear Strain 

Repeated triangulation surveys can be analyzed to assess the 

amount of shear strain that has acctmmUlated during the survey period. 

Frank (1966) showed that triangulation surveys repeated using the 

same angular measurements determine two canponents, 'Y1 and 'Y2 , of 

the strain field. 'Y1 is the engineering shear strain measuring right

lateral shearing on a vertical plane oriented NW-SE, while 'Y2 is the 

engineering shear strain representing right-lateral shear on a vertical 

E-W plane (Thatcher, 1975). They are determined for a set of coordi-

nate axes with positive Xl to the east and positive ~ to the north. 

Thus for pure right-lateral shear on a vertical plane striking NW 

the 'Y1 value is positive and 'Y2 is zero. The principal shear strain, 

'y, is obtained from 'Y1 arrl 'Y 2 by 

'Y = [('Y1 )2 + ('Y2)2]~ (4.13) 

and the azimuth, ~, of the line across which maximum right-lateral 

shear strain occurs, is obtained from 

t/I = ~ arctan('Y1/'Y2) + 1T/2, 'Y2 > 0 

t/I = ~ arctan('Y1/'Y2), 'Y2 < 0 

(4.14a) 

(4.14b) 

(Snay and others, 1982). In New Zealand it has been more conunon to 

give the azimuth of the principal axis of compression, <p, from 

(4.15) 

(walcott, 1978; Prescott and others, 1979). In both cases, azimuths 

are measured clockwise from the positive x2 direction (north). 

The components of the strain tensor in the horizontal plane 

reduce to three independent values, Ell' E22 , and E12 • The engineering 



261 

shear strains are related to the tensor strains by 

'Y1 = (Ell - E22) am 'Y2 = 2E12 • (4.16) 

Knowledge of the shear strains thus does not allow full knowledge of 

the strain tensor, as only E12 can be solved directly from eq. 4.16. To 

determine the entire tensor, another strain component, the dilatation, 

must be known. But this requires distance measurements that are not 

made in triangulation surveys, so the canplete strain tensor is not 

determined by triangulation. To estimate the displacement field from 

triangulation data, sane assumptions must be made concerning the amount 

of dilatational strain, or the data present only a minimum constraint. 

Trilateration surveys, which involve both distance and angular measure

ments, allow complete determination of the strain field. 

Most methods of analyzing geodetic data require that all 

measurements be repeated from one survey to another am that all angles 

used to detemine shear strains be remeasured. This often restricts the 

nmnber of data that can be used from past and recent triangulation 

measurements. Bibby (1982) has developed a method of estimating strain 

from triangulation data where only some of the earlier stations and 

angles have been reobserved. All observed data are simultaneously 

reduced through matrix manipulations to define the coordinates of the 

observation stations at some time between the two surveys so the strain 

field can be computed. Triangulation surveys are performed at different 

levels of precision, and older surveys commonly are of lower precision 

than modern surveys. Bibby I S technique allows variable weighting of 

different surveys to account for these differences in precision (Bibby, 

1981) and has been used in the studies stmanarized here. 



262 

Marlborough. Bibby (1976, 1981) has studied triangulation 

surveys in northeastern Marlborough. The nets he investigated cross 

the wairau fault near the waihopai River and the Hope fault near the 

Hapuku River. The maximum lateral shear strain and azimuths are com

piled in Table HI. The values of strain rates (strain divided by 

number of years of the survey) ii, 12 , and i are given, and the azimuth 

of maxinrum shear strain, ./I, is computed from these data. The values 

of the maximtDn cc:snpression direction as reported by Bibby also are 

given. The strain pattern is shown in Figure 76. Although the entire 

Alpine shear system is not covered, the data indicate a broad zone 

of deformation with the peak strain rates between the Clarence and 

Awatere faults. 

Newly-obtained data across southwestern Marlborough show right

lateral motion across the shear system relative to a fixed point at 

Christchurch, with movement concentrated across the Hope fault and to 

a lesser extent across the Clarence fault (Ricketts, 1984). The survey 

crosses the wairau fault including the Mataki taki and Lake Rotoi ti 

sites, the Awatere fault near the Saxton River site, the Clarence 

fault including the Clarence River site, and the Hope fault including 

the Glynn Wye site. Thus this survey crosses the entire shear system. 

Unfortunately detailed interpretations of the strain field inferred 

from the data are not yet available. Trilateration measurements were 

made during the 1982 survey and will provide the basis for defining 

the entire strain field when the network is resurveyed in about 10 years 

(Bevin and others, 1984a). walcott and Bibby (1984) also interpret 

some data from this area, but their nets do not include any straddling 
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Figure 76. Strain Rates fran Geodetic Nets, Marlborough. 
Bars are proportional to rate and are drawn in direction of 
maximum shear strain. Data listed in Table Hi. 
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the Hope fault (Figure 76). They recognize a widely-distributed zone 

of shear and argue that no concentrations of strain are found across 

individual faults. 

These conflicts are resolved by recognizing that the shear 

strain data from Marlborough show a wide zone of strain accumulation. 

In some areas, strain clearly is concentrated across specific faults, 

but in other areas no concentration of the shear strain across faults 
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is apparent. Although Bibby (1976, 1981), walcott (1978) and walcott 

and Bibby (1984) conclude that the strain is distributed uniformly 

across the shear system, strains are higher across the southern half of 

the shear system (Figure 76). This asymmetrical distribution of strain 

is clear from the strain values in Tables 24 and H1. If Ricketts' 

(1984) preliminary data are correct, the strain is especially concen

trated across the Hope fault. 

Southern Alps. Shear strain data from the Southern Alps are 

discussed by walcott (1979) and shown in Table H1 and Figure 77. 

The Okarito west net does not cross the Alpine fault, but the Okarito 

East net does. These two nets show a significant concentration of 

shear strain across the Alpine fault, and walcott (1979) speculates 

that the total strain across the Alpine fault may approach 2Ox10-7/yr 

by extrapolation of the fault-crossing data. Strain is substantially 

less west of the fault. Nearly identical magnitudes and orientations 

of shear strain are found at the fault-crossing Okarito and Karangarua 

nets and a small decrease in strain is found at the Haast net. Although 

strain data are available ~or the Lake Pukaki area on the east side 

of the Southern Alps, no survey data are yet available across the 
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Figure 11. Strain Rates fran Geodetic Nets, Alpine Fault. 
Explanation as for Figure 16. 
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entire Southern Alps portion of the Alpine shear system, so the distri

bution of strain is unknown. 

'l'W:l rules of thumb canmonly are employed in the analysis of 

strain data. First, strains are considered non-zero only if an envelope 

around the strain value defined by two times the standard deviation 

does not include zero; this is the 95% confidence interval. Second, 

the width of a fault-crossing geodetic network is approximately the 

same as the depth to which the net is sensitive to strain. Thus it 

is possible to infer the nature of strain across a fault to a depth 

of 10 km with a network that extends out 10 km away from the fault. 

In the case of the Alpine fault networks, only some of the total strain 

across the fault is seen because the nets extend no more than a few 

kilometers east of the fault. This led walcott (1979) to extrapolate 

the strain data to estimate total strain across the fault. 

Same local fault monitoring patterns have been resurveyed 

several times during the past 20 years using geodimeters and other 

equipnent (Mackie, 1971; Wood and Blick, in press). Large errors in the 

early surveys due to instrwnental problems limit the usefulness of much 

of these data. Wood and Blick (in press) report significant strain 

from several sites in Marlborough and the Alpine fault. 

Leveling Results 

Regional releveling surveys have not received much attention 

in New Zealand outside of the volcanically active areas of the central 

North Island. A precise releveling of a 350-km route from Christchurch 

to Westport was accomplished in 1982. Mulder (1984) has analyzed the 



data, particularly accounting for systematic errors in the leveling, 

arrl he sees little systematic uplift across the Alpine shear system 

that is not above expected error levels. 
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Interpretations of leveling data have cane under increasing 

scrutiny in the last few years due to the Palmdale Bulge controversy. 

The suggestion by Jackson arrl others (1980) that apparent uplift recog

nized in areas of high topography is due to systematic topography

related errors has brought much leveling data into question. The con

troversy is ongoing, as evidenced by the heated interchange between 

Strange (1981, 1983) arrl castle and others (1983). Al though the ques

tion is unresolved, it should be noted that uplift should roughly 

parallel regional topography since the form of mountains generally is a 

result of uplift. Jackson's caution against use of topography-parallel 

apparent uplift may overlook the most significant aspect of the data. 

In the context of this debate, MUlder (1984) offers a conserva

tive interpretation of the Marlborough leveling data. This influences 

his conclusion regarding systematic tectonic uplift. Nonetheless, his 

data do suggest that uplift has been up to 5-10 mm for stable benchmarks 

across the shear system in less than 50 years. Although patterns of 

uplift are obscured by several apparently unstable benchmarks, there 

may be significant rates of regional uplift indicated from these data. 

However, no clear patterns of uplift across faults emerge. 

Leveling data, then, are very limited from the study area. 

While they are consistent with continuing tectonic uplift in south

western Marlborough, insufficient data analyses are available to define 

patterns of uplift or to use these data with confidence. 
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Rates from Short-Period Data 

Seismici ty data have been used to define a regional seismic 

mcment-rate tensor, in which the principal axes are defined by averaging 

P, T, and B axes from published fault-plane solution'3 from the study 

region. Geodetic data have been used to define maximum shear strains 

and azimuths. Both data sets can be made canpatible with rates computed 

from intermediate- and long-period data by computing slip rates and 

strain rates across the plate boundary. 

Strain and Slip Rates fram Seismicity 

The moment rate computed earlier in this chapter yielded a 

strain rate, through eq. 4.12, of 4.2x10-7/yr. This is the average 

principal strain rate oriented in the same direction as the average 

slip vector, assuming that the entire study region is seismogenic. The 

slip vector plunges about 16°, so the strain rate component in the 

horizontal plane must be computed; this value is 4.OX10-7/yr. Rates of 

strain in the directions parallel and normal to the plate boundary are 

directly computed given the 12° difference between the slip vector 

and the average plate boundary strike in the Marlborough study region. 

The boundary-parallel strain rate from seismicity data is 3.9X10-7/yr 

and the boundary-normal strain rate is O. 8x10-7/yr. These values 

represent strain release rates the amount of strain accamnodated by 

earthquake activity. They also assmne that the strain is uniformly 

distributed throughout the volume considered. Since only some percen

tage of the voltDne in fact contributes to the seismic activity, these 

values must be considered minimum estimates of the strain rates. 



Moment-rate data define a slip rate oriented in the direction 

of the average slip vector, using eq. 4.2. For this calculation it 
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is postulated that the slip all occurs on mapped late Quaternary faults, 

and that the intervening volume does not accOlllllOdate significant slip. 

This assumption is the opposite extreme of that used for the strain 

rates in the preceding paragraphs. Al though the seismicity pattern 

(Figure 17) belies this assumption, the largest historical earthquakes 

in general have been associated clearly with late Quaternary faults. 

Since the greatest contribution to total manent release is from the 

largest events, this assmnption may yet be a reasonable approximation 

of the earthquake-slip pattern. 

A total fault length of 1500 kIn is used for the study area and 

an average fault depth or width of 12 Ion is used to define the source 

area. The rate thus defined is 37.0 nun/yr, and the horizDntal projec

tion along the slip azimuth is 35.6 nun/yr. Resolution of the slip 

vector to components parallel and normal to the regional plate boundary 

yields rates of 34.8 nun/yr and 7.4 nun/yr respectively. These values 

are maximum estimates of the slip rates, since using only the active 

faul ts may produce an underestimate of the seismic source area. 

Strain and Slip Rates f~l Geodetic Data 

The geodetic strain rates obtained in the previous section 

are for shear strain oriented at an azimuth that varies from net to 

net across the Alpine shear system. To compute strain components 

across the plate boundary, each of the nets must be resolved to the 

regional azimuth for shear and convergence, and the average strain 
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across the overall network then can be canputed. The results obtained 

will be minimum values, however, since only part of the strain field 

is being resolved across the plate botmdary. The contributions of 

dilatation and rotation to the shear and convergence motions carmot 

be resolved given the present data. 

Three partial geodetic transects are available across the 

Alpine shear system--northeastern Marlborough (Bibby, 1976, 1981), 

western Marlborough (walcott and Bibby, 1984), and the Alpine fault 

(walcott, 1979). In no case does a transect completely cross the 

Alpine shear system. If high-strain portions of the shear system 

are not crossed. by the studied geodetic networks, then the average 

strain values will be underestimated. 

Table 24 lists the resolved plate boundary-parallel and 

botmdary-normal strain rates from the nets used in the three transects. 

To compute the "average" strain across the transect, each net is multi

plied by its width normal to the transect direction, and these results 

are summed across the transect and divided by the transect width to 

produce the weighted mean. The sum across the transect, before division 

by the transect width, also is the slip rate inferred from these data. 

With this approach, the Alpine faul ..... data yield very low slip rates, 

although the average strain rates are higher than for the Marlborough 

transects. Since only a small portion of the shear system is crossed 

by the Alpine fault nets, this is not surprising. Indeed, walcott 

(1979) argues that shear strain probably is high across most of the 

Southern Alps, so the total slip rate that would be obtained were the 

entire shear system crossed \«J\lld be much greater than that obtained 
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TABLE 24 

STRAIN-RATE TRANSECTS 

Transect Geodetic Net Rate Parallel Rate Normal Network Width 

NE Marlborough Pelorus 0.13 0.08 17 
Wairau 0.37 0.01 23 
wairau-Awatere 0.47 0.02 17 
Awatere 0.59 0.03 6 
Awatere-Clarence 0.65 0.21 17 
Clarence 0.65 0.01 12 
Kaikoura 0.29 0.15 14 

Weighted average, total width o. 43.±<> .18 O.07±().07 106 
Slip rate, nun/yr 45.2 7.9 

W Marlborough Wairau 0.19 0.09 45 
Awatere-Clarence 0.59 0.18 30 
Hawarden 0.23 0.04 38 

Weighted average, total width 0.31±0.17 0.1()±0.05 113 
Slip rate, nun/yr 35.0 11.0 

Alpine Paul t Okarito E 0.64 0.07 20 
Haast 0.51 0.04 17 
Karangarua 0.64 0.21 14 

Weighted average O.6O:t0.06 0.10.±<>.07 
Slip rate, nun/yr 10.1 1.7 

NOTES: Strain rates are in 10-7/yr. Network widths are in lon. Refer 
to Figure 75 for locations of nets. 
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here, and the average strain rate probably would be lower than that 

obtained across the Alpine fault. Even if most of the strain were 

occurring at the Alpine fault, the fact that the geodetic networks 

extend only a few kilometers away from the fault limits their sensitiv

i ty to strain in the deeper portions of the fault zone. In contrast, 

the Marlborough transects, although missing some sections within the 

Alpine shear system, do extend far enough to measure the entire strain 

fran contributions at depth for those portions of the shear system 

that are crossed. A further limitation is that the time intervals 

over which the strain has been measured may be insufficient to yield 

an average rate. SUch would be the case for strain measurements during 

a period of low strain rates during the earthquake cycle, as described 

by Thatcher (1975, 1984). 

Consistence of Rates 

The seismicity and geodetic data sets are measuring two differ

ent aspects of short-period tectonics. Seismic moment rates measure 

the energy released in earthquakes, and geodetic data ideally measure 

the secular strain accumulation between large earthquake slip events. 

They yield remarkably similar results for slip and strain across the 

Alpine shear system, despite the fact that the seismic moment rate 

is precise only to a factor of two, and the geodetic data to 20%. 

The strain rate inferred from the seismicity data is 4. 2x10-7/yr, while 

that from the geodetic data in Marlborough ranges from3.3X10-7/yr to 

4.4X10-7/yr. The seismicity data reflect the total strain rate, how

ever, while the geodetic data comprise only the shear strains. Total 



strain that could be measured from geodetic data would be sanewhat 

greater. The close agreement may be simply fortuitous, given the 

precisions available in these two approaches, but the similarity of 

rates remains remarkable. 

A similar conclusion is drawn from the slip-rate estimates. 
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The b:rundary-paraUel or strike-slip canponent of slip from seismicity 

data is about 35 DDn/yr for all of Marlborough and the northem Southem 

Alps, while it is 35-45 nun/yr from geodetic data in Marlborough. The 

geodetic data indicate a somewhat hdgher rate of slip than the seismic

ity data, particularly considering the incanpleteness of the geodetic 

transects. Similarly, although the component of covergence inferred 

from seismicity and geodetics is similar (7.4 mm/yr vs. 7.9-11 mm/yr), 

again the geodetic data yield higher results. The differences in slip 

rates from the two data sets are not statistically significant, given 

the large uncertainties in the moment rate used for the seismicity 

computation and the smaller uncertainties in the geodetic rates. 

Rates of strain and slip across the plate boundary in Marl

borough are consistent between the two data sets, although the geodetic 

data yield consistently higher slip rates than the preferred interpre

tation of the seismicity data. Low slip rates are obtained from the 

Alpine fault geodetic nets, because these data cross only a part of 

the Alpine shear system. 



CHAPTER 5 

COMPARISONS OF DATA SETS 

Long-period (order 3 Ma) rates of plate-boundary motion were 

summarized in Chapter 1. Intermediate-period (orders 5-10 and 15-20 ka) 

rates of slip across the Alpine shear system were compiled in Chapter 3. 

Short-period (order 100 yr) rates of strain and slip were swrana.rized 

in Chapter 4. These data sets must now be compared. Inconsistencies 

among data sets and implications of the rates, especially variations, 

must be addressed. Variations in intermediate-period slip rates are 

examined first. Several hyp:>theses are proposed to explain both the 

variations and their relationship to long-period plate-boundary motions. 

These hyp:>theses are evaluated in the context of short-period rates. 

Finally, a synthesis of all three data sets is proposed. 

Intermediate-Period Data 

This discussion of the fault-slip data is divided into two 

sections. First, the time-dependent changes in lateral slip rates and 

directions of vertical displacement noted previously are considered, and 

the summations of slip-rate data across the transects are compared with 

long-period plate-tectonic data. second, the changes in distribution 

of strain from the main Alpine fault into and across the Marlborough 

faults are discussed. The first part, then, emphasizes the nature of 

temporal variability in the data, while the second part considers the 

significance of spatial variations. 
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Temporal Variations 

As noted in a previous section, time-dependent changes in 

lateral slip rates are apparent at many of the study sites. Many 

sites also exhibit apparent reversals in upthrow direction of between 

older and younger surfaces. These changes are considered first. 
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Changes in Vertical Displacement. Diagrams of differential 

displacement between terraces at a site (Appendix F) show apparent 

reversals in upthrow direction at Branch River, Saxton River, Grey 

River, Clarence River west bank, Hope Springs Eternal, and Red Lakes 

Stream. Additional sites in Marlborough, not studied here, may show 

similar apparent reversals in slip direction (Lensen, 1962). Three 

factors are the most likely causes of these reversals: inherent varia

bility in vertical displacement along strike; local or regional changes 

in fault azimuth resulting in an increased oblique component of fault 

slip in a uniform regional principal stress regime; and reorientation of 

regional principal stresses, as suggested by Lensen (1976) and SUggate 

and others (1978). The importance of each of these mechanisms can be 

ascertained by re-examining vertical displacements at the six s1 tes . 

At Branch River, Terraces 2 through 6 show SE-up vertical 

displacements decreasing with decreasing age. Terrace 1 and the aggra

dation surface show lower amounts of total SE-up displacement than 

Terrace 2, leading Lensen (1968, 1976) to suggest that a reversal in 

upthrow direction had occurred. Terrace 1 is separated from the other 

degradation terraces by the aggradation surface (Figure 48). On this 

terrace the WClirau fault trace is more complex, with sag ponds and 

pressure ridges, and has a different strike than on the lower terraces. 
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Net vertical displacement is variable along strike on Terrace 1 (Lensen, 

1976). In contrast, the scarp on the aggradation surface is relatively 

uniform in height and has substantially less vertical displacement than 

does Terrace 2. The fault strike on the aggradation surface is the 

same as that on Terrace 2 and lcwer terraces, and no structural ccapl1-

cations are noted. At Branch River, then, temporal variability in ver

tical displacement of Terrace 1 may be a result simply of spatial varia

bili ty in vertical displacement, perhaps due to changing fault strike: 

no time-dependent reversal in upthrow direction is required. '!'be net 

vertical displacement of the aggradation surface is the algebraic smn 

of a reversal in upthrow direction fran latest Pleistocene NW-up to 

Holocene SE-up displacement. Given the lack of differences in the 

surface structure of the fault trace between the aggradation surface 

and Terrace 2 and younger surfaces, the reversal in uptllrc:M direction 

cannot be explained by structural canplexi ty of changing fault strike. 

Thus the differences in vertical displacement between the aggradation 

surface and Terrace 2 is best explained as a tectonic reversal in 

upthrow direction. Holocene displacements at Waihopai River are consis

tently SE-up, so that if a regional change in direction of vertical 

displacement occurred along the Wairau fault, as implied by Lensen 

( 1976), it must be pre-Holocene. 

At Saxton River, Terraces 3 through 5 exhibit consistently 

decreasing displacement with decreasing age, while Terraces 1 and 2 

exhibit changes in vertical displacement along strike, marked by 

pressure ridges and sag ponds. The fault changes strike on the two 

oldest terraces, and the more easterly strike should produce a decrease 
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in vertical displacenent for this nort:heast-str~ right-lateral 

fault. The displacement of Terrace 1 on the west bank of Saxton River, 

however, is sane 5 m NW-s1de-up (Lensen, 1913; Blick, unpublished 

data). Th1s NW-up displacement is consistent with the mountain-front 

escarpnents inmediately east and west of the Saxton River while the 

SE-up displacements of Terraces 2 through 5 are not. Thus, although 

there may be sane lateral variability in the vertical displacement 

of the Awatere fault due to changes in strike, the Saxton River site 

displays evidence for a middle Holocene reversal in upth.row direction. 

The middle Holocene reversal in upthrcM direction at Saxton 

River occurred at a different time than the reversal at Branch River, 

and the direction of late Holocene upthrow direction relative to longer

term late Quaternary upthrow also is different between the two sites. 

At Saxton River the 'YC'.mgest displacements reverse the longer-term trend 

reflected by mountain-front scarps, while at Branch River the longer

term tram probably is SE-up, consistent with the youngest displace

ments. These two sites indicate that the reversals do not require a 

regional change in stress directions, as argued by Lensen and SUggate, 

since such a regional change V«)uld require consistent timing and sense 

of reversals moong the various faults. 

The Grey River site also shows changes in vertical displacement 

consistent in nature with those recognized at Saxton River. The oldest 

terraces at Grey River show a decrease in SE-up vertical displacement 

relative to the youngest terraces, and here the reversal appears to 

be late Holocene in age. Part of the apparent decrease in displacement 

of the older surfaces may be due to the partial burial of the older 
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terraces on the c:iamthrown side of the fault by the fan north of the 

fault trace (Figure 12a). A further structural canplex1ty is the east

ward tilt of Terrace 2 upstream of the fault. N1en canbined with the 

partial burial of the til ted surface this eastward tilt produces an 

apparent decrease in vertical displacement. A similar "scissors"-like 

fault-block tilting is fmmd along the Hope fault at Sawyers Creek, 

about 5 Ian northeast of the Charwell River. There the scarp height on 

a late Quaternary aggradation surface varies fran less than 1 m to more 

than 10 m. The slope of the terrace surface on the downthrc:Mn side and 

the near-uniform thiclmess of terrace deposits indicate that this 

decreased scarp height is a result of tilting. Likewise, at Grey River 

much of the variability in vertical displacement can be explained by 

structural canplexity of the fault and partial burial of the downthram 

side of the fault. 

The west bank of the Clarence River preserves an apparent change 

in upthrow direction on Terrace 3w. This change occurs in an area of 

sag ponds where multiple fault traces are present. Other changes in 

vertical displacement on the east bank of the Clarence River coincide 

with pressure ridges along the fault trace. Thus, variations in ver

tical displacement at Clarence River are best explained by the struc

tural canplex1 ty of the fault zone. 

At Hope Springs Etemal, several terraces indicate apparent 

reversal of upthrcM direction during the early Holocene. Latest Pleis

tocene and mid-late Holocene vertical displacement is consistent with 

the longer-term late Quaternary NW-up displacement indicated by analysis 

of inferred marine terrace renmants (Bull, tmpUblished data). The 
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vertical displacements are based on the sanewhat uncertain correlations 

of terrace remnants across the fault, and the apparent reversal in 

vertical displacement may be due to incorrect correlations. The ter

races that show the apparent reveral in upthrow direction are displaced 

across a graben, which may introduce further structural ccmplex!ties 

resul ting in inconsistent vertical displacements. Graben developuent 

and/or the change in fault str-ike that occurs at the graben may have 

caused the apparent reversal in throw, rather than any regicmal change 

in upthrow direction along the Hope fault. The changes in scarp height 

an irKtividual terraces at Sawyer Creek and at Mason River, a site about 

15 kin soutlN!st of Charwell River that was studied only in reconnais

sance, are further evidence that changes in vertical canpouent along 

the Hope fault are COO1IOOn local features. 'Ihe apparent reversals do 

not require any regicmal change in stress orientations. 

A substantial apparent reversal in vertical displacement across 

the Porters Pass fault is mapped at the Red Lakes Stream site. However, 

much or all of this apparent increase in displacement with decreasir¥J 

age may be due to alang-strike changes in vertical displacement rather 

than any temporal change in direction of JOOVement. 

Little evidence of true tectonic reversals in direction of 

vertical displacement is preserved at the study sites. M:lst apparent 

reversals can best be explained by local variations in fault strike, 

structural canplexities, tilting of fault blocks, and/or partial burial 

of doNlfaul ted surfaces. Where reversals do indicate changes in upthrc:M 

direction, as at Branch River and Saxton River, they are not synchronous 

across the Marlborough region. Thus, the argument of Lensen and Suggate 
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that late Quaternary reversals in direction of fault slip reflect 

a regional realignment of stresses is not supported by the data analyzed 

here. 

Chanaes in Lateral Displacement. Significant temporal varia

tions in rates of lateral displacement at most si tea have been recog

nized in this study. Incremental slip rates (Table 18) at nearly all 

sites indicate a substantial decrease in slip rates between early and 

late Holocene increments. Mlen SUIIIDed across the entire Alpine shear 

system, these changes are dramatic (Table 21): a drop of at least 50% 

in westem Marlborough and perhaps 80% or more in central Marlborough. 

'!he overall results are depicted in Figure 78. 

Possible causes include: 1) a systematic error in estimates 

of ages of geaoorphic surfaces; 2) systematic underestimates of dis

placement of young terraces (or overestimates of older surfaces); 

3) sane fundamental change in the rate of motion between the Pacific and 

Australian plates; 4) a change in the partitioning of a constant rate 

of plate-l:xnJrvjary motion between brittle and ductile deformation; and 

5) alte:mating periods of high activity and low activity across the 

platel:xnJrvjary. The first two possibilities can be discussed by refer

ence to the uncertainties inherent in the age estimates and displacement 

measurements. The third possibility includes the implication that the 

late Holocene is a time of reorganization of patterns and rates of 

faul t slip. This would be a remarkable coincidence and would make the 

Alpine shear system a fertile ground for study of the nature of plate

vector realignment. This hypothesis can best be tested by canparing 

long-period and short-period data: short-period data should reflect 
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the hypothesized newly-evolving plate vector and rate, so these data 

should mirror the late Holocene faulting pattern much more than the 

long-period plate motion. 
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The fourth hypothesis p::lStulates that rates of motion across the 

plate bourdary are relatively continuous, but that the way this JlX)tion 

is distributed among structures wi thin the plate-boundary zone varies 

wi th time. These changing distributions may include shifts in level 

of activity among faults and shifts in the amount of total deformation 

taken up by faults or folds. At an extreme, there even may be l~ 

periods during which the plate boundary effectively is locked and fault 

displacements do not occur; strain is stored until the locking mechanism 

is released. The late Holocene would be a period of lower fault activ

ity and preen.unably higher rates of folding or other modes of ductile 

deformation, or it would be a period of locldng across the Alpine shear 

system for several thousand years. The final hypothesis postulates 

that rates of plate-boundary motion, as opposed to plate-plate average 

motion, vary with time, so that there are high-activity periods and 

lew-activity periods. When averaged over a sufficiently long time 

interval, the "average" motion across the plate bourdary is obtained. 

The last three hypotheses involve a distinction between relative 

plate motions and plate-bourdary JOOtions. Relative plate JlX)tions are 

the motions of one plate with respect to another as viewed fran the 

far field, aJIIay fran the cauplexities of the plate bourdary. Plate

boundary JlX)tians are those JlX)tions that occur directly across the plate 

boundary. Relative plate motions could remain constant while plate

boundary motions changed if, somehcM, the boundary became locked while 
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the plates continued to move, as occurs during an individual earthquake 

cycle at the plate boul'mry. 

'l1le first two hypotheses are addressed by reconsidering the 

conf idence limits that were plaoed on all age est.unates and displace

ment measurements in Chapter 2. These limits were carried aver to the 

slip rates canpiled in Table 11 and the 1ncrE!llM!ntal rates listed in 

Table 18. 5aDe less well-constrafned displacements, particularly the 

aggladation surface and maximum Terrace 1 lateral displacements at Hope 

Springs Eternal, have been accorded lower reliability. The mre uncer

tain high rates of slip obtained fran these two terraces were not used 

in the SUDIJling of slip across the shear system. Values for total and 

early-mid Holocene slip across the central Marlborough transect would 

increase by 35% were the rates of 50-70 llIR/yr for slip fran 16-4.4 ka 

at Hope Springs Eternal used. Thus the changes in rate that are sham 

in Table 21 are not as extreme as BaDe data iOOicate. Furthenoore, 

there is no overlap between confidence limits on early-mid Holocene 

and late Holocene incremental slip rates at any site except Branch 

River. Confidence is high that the decreases in lateral rates fran 

early to late Holocene are not a timction of the statistical error in 

age estimates or displacement measurements. 

But what of unrecognized systematic errors in the data, particu

larly the age estimates? It is noteworthy that extremely young ages are 

obtained for geanorphic surfaces displaying small displacements at very 

few sites in Marlborough. Do the age-est1mation techniques yield 

ananalously old ages for young stream terraces, perhaps because initial 

rates of rock weathering and soil formation are high in Marlborough? 
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The likelihood of such a systematic error is remote: young ages ~ 

obtained for the unfaulted terraces of the Clarence River and for tl-.e 

t\«) terraces at McLean Stream, and the weathering ririds and soil profile 

fran the 8C>O-yr-old fan at Hope Springs Eternal are as thin and weakly 

developed as expected for a surface that age. Thus it appears that 

young age estimates are possible and that the weathering-rirxl and soil 

calibrations are sensitive to early stages of rind and soil developnent 

both at my study si tee am at the calibration si tee of other investiga

tors. Confidence is high that the variations are not a function of 

systematic error. 

Lana=period VB. Intermediate-period. The long-period motions 

across the Alpine shear system cauputed in Chapter 1 (Table 3) can be 

C'X'III['al'ed with the intermediate-period motions across the shear system 

canputed here to examine the nature of temp:>ral changes in the data 

(Figure 78). sums for the latest Quaternary slip across the faults 

of the plate boundary in Marlborough are CIl'01lOO 40-45 rrm/yr boundary

parallel and 1-4 mm/yr boundary-normal, both measured in the horizontal 

plane. The boundary-normal data include both the horizontal canponent 

of dip-slip along an inclined fault plane and the portion of the lateral 

fault slip that is directed normal to the regional plate boundary 

because of deviations in local fault azimuth from the regional direc

tion. The total uplift that can be inferred fran the fault-slip data 

is not considered in detail. The predictions fran long-period plate 

motions are 40-50 rrm/yr boundary-parallel and 8-13 lfID/yr boundary

normal. The boundary-parallel values are quite consistent, particularly 

for the west-central Malborough transect that includes data for a1:xmt 



the last 16 ka. Latest Quaternary rates of boundary-normal motion 

are significantly less than the long-period average, particularly 

for the central Marlborough transect. 
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No high-confidence latest Quaternary slip data are available 

from the Alpine fault in north-central Westland, but the low-confidence 

displacement data from WClnganui River can be used as a constraint. 

Uplift rates from marine terrace data (Bull and COOper, in prep.) are 

used to estimate vertical displacement rates for combination with the 

lateral-slip estimates. The assumption is that these rates, averaged 

over some 50-130 ka, can be applied to the last 20 ka and that all 

uplift is occurring on the Alpine fault. Boundary-normal shortening is 

computed given the 50 0 dip of the Alpine fault. J. Adams (1979) sug

gests highest uplift rates are found east of the fault due to reverse 

drag, but his field evidence has been questioned (Hawkes, 1981). Both 

the lateral and uplift data present max~ rates for latest Quaternary 

fault-slip across this transect from north-central westland. High

confidence late Holocene data are obtained from Toaroha River. 

The rates obtained for latest Quaternary and incremental lateral 

displacement, 45 mm/yr and 46 mm/yr, respectively, are greater than 

the predictions from relative plate motions of 35-40 mm/yr, which is 

not surprising since the latest Quaternary rate from Wanganui River is 

a maxiJInDll. Differential vertical uplift rates across the Alpine fault 

obtained from marine terrace data are between 4.6 and 6.9 m/ka for the 

Wanganui area, as bracketed by data to the north and south (Bull and 

COOper, in prep.). When these uplift rates are resolved to the attitude 

of the Alpine fault and combined with the lateral-slip data to determine 
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the sums across the platel:x:rwdary , a l:x:rwdary-parallel rate of 45 JII1l/yr 

am a boundary-normal rate of 6-7 UID/yr are obtained. These canpare 

wi th the expected rates of 35-40 rrrn/yr and 20-23 JII1l/yr. The short-fall 

in boundary-normal motioo is directly predicted by Allis' ( 1984) model 

of the partitioning of the plate oovergenc:e into uplift and crustal root 

growth. Crustal root grcMth must account for awraxJmately 15 rmt/yr 

boundary-normal horizontal motion if the long-period rate is being 

matched during the latest Quaternary. 

A medium level of confidence is applied to data for latest 

Quaternary lateral displacements fran the Moerak.1 River site. The 

differential vertical uplift rate across the Alpine fault of 5.0 m/ka 

fran marine terrace data at Okuru (Bull an:! Cooper, in prep.) some 

30 Ion south is the closest source of uplift infonnation for MJeraki, am 

it is applied with the same assumptions used at Wanganut. Thus infor

mation on the boundary-normal cOiifXluent of fault JIKJVeIDel1t is of low 

confidence. Here the boundary-parallel rate across the plate boundary 

(23.3 DIll/yr) is significantly less than that estimated fran long-period 

plate JOOtions (35-41 JII1l/yr), an:! the boundary-normal rate (3.5 DID/yr) 

also is considerably less. 

As at Wanganut, the latter observation is not surprising: if 

Allis' roodel of the partitioning of plate convergence into shortening, 

uplift an:! crustal root growth is correct, only 40% of the total conver

gence should be represented by this uplift. However, the short-fall in 

the horizontal canponent of convergence, the boundary-normal motion, is 

much greater than this. Numerous reverse faults and folds in the Alps 

of South Westlan:! are fran late stages in the deformation history of the 
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schists, and these may indicate significant late Cenozoic uplift away 

fran the Alpine fault with ductile deformation occurring at relatively 

shallow crustal levels (Findlay, 1979). However, uplifted marine 

terrace remnants near Okuru are flat for 5-10 km into the Southem Alps 

normal to the Alpine fault, so these surfaces indicate that differential 

uplift across structures in the schist is not significant. Flat marine 

terrace remnants are found at other locations in the central. Southern 

Alps, including the Karangarua area (W. Bull, personal camnmication). 

Data on Quaternary deformation across the structures in the schists are 

not available to ass e 9 s the importance of these structures in the 

overall convergence across the plate b::Iun:iary. 

The short-fall in strike-slip motion across the south-central 

Alpine fault by nearly a factor of b«> is not readily reconciled. If 

nei ther the plate motion estimate nor the measurements at r.tJeraki are 

substantially in error, then these data may indicate that a significant 

portion of the boundary-parallel motion has not occurred across the 

Alpine fault during the last 12 ka, a conclusion suggested by walcott 

(1979). Again, sane of the str.ike-slip motion may be occurring across 

the structures wi thin the Haast Schists, as wrench folds are oriented 

properly to contribute to the boundary-parallel motion (Grirdley, 

1963). However, no detailed or even regional studies have focused on 

the amount of late Cenozoic, let alone late Quaternary, shear that has 

occurred in the schists, so the contributions of these structures carmot 

be evaluated. Alternatively, 12 lea at r.tJeraki may be insufficient time 

to produce an !laverage" plate-boundary motion. 
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Late Holocene l::Jc:rurdary-parallel and OOuD:iary-normal rates 

across all transects are much lCMer than latest Quaternary or incre

mental rates. Thus the decrease in displacement rates recognized at 

individual sites also is recognized when data are SUJJIDE!d across the 

transects. The late Holocene rates of 12-21 rmn/yr for 00uD:iary-paral1el 

motion in Marlborough are as little as 25% of the values expected fran 

long-period relative plate motions, and the l::Jc:rurdary-normal values 

are as little as 10% of the total predicted (Figure 18). 

The early-mid Holocene l::Jc:rurdary-parallel motion across the 

Alpine shear system obtained fran these fault studies generally is close 

to or exceeds the l::Jc:rurdary-parallel cuupotle%lt predicted fran long-period 

plate-mot1on studies. The expected boundary-normal motion clearly is 

only partly aco''''- dated at the faults, and a high proportion of total 

boundary-normal motion may be occurring an numerous folds in Marlborough 

and the Southern Alps. Active folds are mapped south of the Hope fault, 

but no data are available to assess Quaternary folding in the Kaikoura 

Ranges. Late Holocene shortening across the faults shows an even 

greater short-fall. The statistical errors inherent in the faul t-slip 

data are insufficient to explain the differences between early-mid 

Holocene rates and late Holocene rates, nor do they account for devia

ticas fran the rates predicted fran long-period plate motions. System

atic errors in age estimates or displacement measurements can be ruled 

out as "Jell. Therefore these data seem to indicate sane fundamental 

changes in plate-boundary motions in the Holocene. 

A final conclusion on the nature of these changes awaits exami

nation of short-period data. However, sane preliminary conclusions 
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can be drawn from the present data. For the plate-1xn.mdary rootions 

predicted by loog-period data to be constant aver intermediate-period 

time scales, the sum of fault ",lip across the plate 1xn.mdary could never 

exceed the average. But for most of Marlborough, early-m1d Holocene 

1xn.mdary-parallel root ion exceeds the long-period rate, even given the 

uncertainties in the data sets (Figure 78). TIms the criterion of 

constant rate of rootion across the plate 1xn.mdary is not met, an:l the 

constant plate-1xn.mdary DDtion argument is not suppJrted. Rather, the 

hypothesis of time-varying plate-1xn.mdary rootions appears to be a 

better explanation of the fault-slip data. 

Spatial Variations 

The rates of 1xn.mdary-parallel an:l 1xn.mdary-normal root ion 

across the transects fran the Alpine fault into Marlborough, where the 

shear system c:cnprises at least four main fault zones, allow examination 

of the partitioning of strain fran a single main strike-slip fault into 

a cauplex of splay faults. The discussioo is predicated on the recog

ni tion that an increase in total 1xn.mdary-parallel rootion an:l a decrease 

in total 1xn.mdary-normal motion is expected fran the central Alpine 

fault to Marlborough because of the changing strike of the shear system 

an:l the changing vector of relative plate velocity between these two 

areas at different distances fran the pole of rotation. Thus the rates 

of 1xn.mdary-parallel and 1xn.mdary-normal rootion across the Alpine shear 

system predicted by long-period plate motions, SlD'IIDal'ized in Table 3, 

provide the reference frame for this discussion. 



The entire strain tensor cannot be examined because of the 

limi ted data on the vertical c. "'I anent , particularly in Marlborough. 

However, the present study yields much useful data on the horizontal 

cunpanents--boundary-parallel and baundary-nontal-of the strain field 

along the main Alpine fault and across the Marlborough faults. The 

boundary-parallel canpcment along the south-central Alpine fault near 

Haast-okuru for the latest Quaternary appears to be only about 2/3 of 

the total boundary-parallel motion expected fran plate motions. If 
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this am:JUl1t of slip is truly representative of the total shear strain 

rates across the Alpine fault then much of the boundary-parallel motion 

must be acccmoodated by internal deformation wi thin the schists. The 

distribution of boundary-parallel motion in the latest Quaternary for 

the Wcmganui area is less certain, given the high WlCerta1nty in dis

placement values fran this site. However, late Holocene shear strain 

recorded by fault displacements at Toaroha River appears to be a greater 

proportion of total boundary-parallel motion than that recorded at 

Okuru River, so the northem main Alpine fault may accuiliLdate most of 

the boundary-parallel motion. 

Wi thin Marlborough the total latest Quaternary boundary-parallel 

rates agree closely with rates predicted fran long-period plate motions. 

Again, if these values are respresentative of intermediate-period 

averages across Marlborough, then little shear strain is beiDJ aCcaDllO

dated by minor faults and folds between the main faults. In terms of 

the boundary-parallel canponent, Marlborough behaves as fault-baurv:ied 

rigid blocks. Thus the faul t-slip data indicate a change in the parti

tioning of shear strain from the main Alpine fault to the Marlborough 



faul ts, with faults in Mar lboraugh acCUliWdating a higher proportion 

of the total predicted boundary-);m"8l1el motion. 

The latest Quaternary boundary-normal or horizontal smrten1ng 

0' HI'l<ment for the main Alpine fault is even more poorly constrained 

than the boundary-parallel CQnponent, given that no displacements were 

measured directly and the displacement data are obtained by assumng 
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that uplift of marine terraces is occurring exclusively across the 

Alpine fault. ~r, the lack of increase in uplift rates as pt'OgI'eS

sively older marine terrace remnants are studied ptrogressively farther 

east of the fault (as shewn for the last 135 lea by Bull and Cooper, in 

prep.) suggests that uplift is concentrated very near the Alpine fault 

and not SCJDe kilaneters to the east as argued by ;]. Adams (1979). Along 

the main Alpine fault, the uplifted marine terraces yield boundary

normal rates that are consistent with the partitioning of crustal root 

developnent and uplift suggested by Allis (1984), although it remains 

uncertain llcM much of this truly is concentrated at the Alpine fault 

am heM much is distributed through folds am faults in the schists. 

By contrast, data on boundary-normal motions across the Marl

borough faults clearly aheM that a large proportion of total shortening 

must be occcurring on structures other than the main fau! ts. As with 

the Alpine fault transects, sane proportion of total boundary-normal 

motion would be aco HI"M dated by crustal root growth, the extent of which 

is tmknown. However, if the high-angle Marlborough faults provide the 

boundaries of the regicn of crustal root growth, then the contribution 

of root growth to boundary-normal motion would be relatively small, 

just as the contribution is large in the Southem Alps because the 
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bounding Alpine fault apparently dips much less steeply. Although no 

strang conclusions can be drawn fran the latest Quaternary l:xnlrmry

normal displacement data, given the uncertainty in rates fran the Alpine 

faul t, the data presented here do indicate that a greater amount and 

greater proportion of the expected OOtmdary-normal motion is ac:cuwo

dated across the Alpine fault than across the faults in Marlborough. 

The data on OOtmdary-parallel and OOtmdary-nomal mtion 

obtained in this study indicate changes in the nature of strain distri

bution between the main Alpine fault and the Marlborough faults. The 

proportion of expected OOtmdary-parallel motion that occurs on the main 

faults in Marlborough is much greater than that for the main Alpine 

faul t. But the ductile nature of the schists along the Alpine fault, 

within which sane of the expected OOtmdary-parallel motion probably 

occurs by penetrative deformation (Fir¥ilay, 1919), facilitates parti

tioning of OOtmdary-parallel motion aJl6y from the faults. In contrast, 

the greywackes of Marlborough probably are less capable of acCOOlDOdating 

shear by ductile near-surface defomation and appear to be subject pri

marily to brittle deformation along faults. The contrast in parti tion-

1ng of shear strain between Marlborough and the main Alpine fault may 

result fran changes in the type of rocks within the Alpine shear system 

and not fran arrf fundamental change in strain partitioning between a 

master fault and a system of splays. In contrast the OOtmdary-normal 

canponent may be aCCUJlnodated less by faulting across Marlborough than 

across the Southem Alps, suggesting a cl'laDde in the nature of strain 

distribution. 



293 

A final aspect of the strain distribution problem introduced in 

Chapter 1 is the question. of whether one fault of the splay group acts 

as the "master" fault. Clearly the largest proportion of the boundary

parallel motion in Marlborough is occurring across the Hope fault, bot 

previous workers (eg. Berryman, 1919: SUggate and others, 1918), N10 had 

not examined the Hope fault in detail, concluded that the four main 

Marlborough faults have similar latest Quaternary lateral slip rates. 

However, in the late Holocene this concentration of displacement is not 

so dramatic. The wairau section of the Alpine fault produces a larger 

proportion of the total st1ke-slip d1sp1acenent across the Alpine shear 

system during the last few thousarrl years than during the early-mid 

Holocene, but the Hope fault remains at least as important as the Wairau 

section. '!he data obtained here, then, point to the Hope fault as the 

"master II fault in MarlbQrough, but the degree of dam1nance may vary 

over time periods of a few ka. 'lbere is no clear evidence for a major 

shift in level of activity among faults in Marlborough. In contrast, 

Beanland (in Wood, 1984) cites a shift in relative activity among the 

reverse faults of central otago. These faults probably respond only 

indirectly to the stresses concentrated at the plate boundary. 

Consistence of Lonq-, Intermediate-, and Short-Period Data 

Long-period data averaging plate lOOt ions and rates over the last 

3 Ma provide the benchmark with which other slip-rate data are being 

canpared. These data yield rates of relative plate IOOtion (Table 3), 

as viewed fran interior ~ints in the two plates: but when horizontal 

boundary-parallel and boundary-normal rates are resolved, they represent 
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rates of plate-bout!iary motion. 'l'hese long-period rates are assumed 

to represent the "average truth" about relative plate-1:x:nmdary IOOtians. 

It is asslDDI!d that the 3-Ma period I'epIe8!!uted by these long-period 

rates is a sufficient time wirdow to average aroj irregularities in plate 

J1Dtians (COUrtillot and others, 1984), while not 90 long that major 

reorganizations in relative plate motions are likely to have occurred. 

Five hypJtheses were considered in the previOUS section to 

explain the decrease in late Holocene lateral slip across the Alpine 

shear system. A comparison of long- and intermed1ate-period rates 

yielded sane insight into possible conclusicms, but short-period data 

still must be considered. The following paragraphs provide O"IDpClrisons 

of short-period data with the long- arXl intermediate-period data to 

resolve the hypotheses. 

Short-Period and IDng-Period 

Short-period (order 100 yr) data SUJIIDBl'ized in Chapter 4 indi

cate that the 1:x:nmdary-parallel 0' "qa.ent of movement across the Alpine 

shear system in Marlborough has been at least 35-45 rrrn/yr during the 

last 100 yr, which is not substantially different fran the 40-50 rml/yr 

predicted for long-period data (Figure 78). This is a particularly 

good match when it is realized that the geodetic data represent a 

minimum value. Similarly, the short-period rate of 1:x:nmdary-normal 

J1Dtion, 7-11 mm/yr, closely matches the long-period rate of 8-13 rml/yr. 

Again, the geodetic data yield a minimum estimate, so the short-period 

rate may be even slightly greater than the long-period rate. In arrf 



case, the two data sets yield similar results, particularly within 

the resolution afforded by each. 
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Short-period data fran the central Alpine fault are 1ncanplete, 

but they suggest that short-period rates of defomation across the 

Southem Alps may be significantly less than long-period rates inferred 

from relative plate motions. Instrwnental seismicity along the central 

Alpine fault and in the central Southem Alps is low (Evisan, 1971; 

Scholz and others, 1913), so any uanent rate determined for this area 

also would be low. The available geodetic data yield low slip rates, 

but this is misleading as only part of the shear system is crossed by 

the geodetic networks. Thus the geodetic data do not indicate the 

distribution of strain across the shear system without arnbigui ty, and 

it is unclear whether shear strain is concentrated across the Alpine 

faul t. Nonetheless, seismicity data in the Southem Alps suggest that 

short-period rates are far less than long-period rates in this region, 

in contrast to Marlborough where historical seismicity is consistent 

wi th long-period plate-bcn.n'mry motions. 

Short-Period and Intermediate-Period 

Transects of intermediate-period (order 5-15 ka) data obtained 

in Chapter 3 can be altered to obtain data formats that can be caupared 

readily with the short-period data set. Strain rates are obtained by 

multiplying the slip rates for each transect by the transect length. 

These calculations are recorded in Table 21. Late Holocene bcn.n'mry

parallel strain rate across northeastem Marlborough is 2.1x10-1/yr, 

or only about 1/2 the strain rate from geodetic data, and the late 



Holocene boundary-noma! rate is O.5x10-7/yr, or only 3/4 that of the 

geodetic rate. Recalling that the geodetic rates are minimum values, 

this discrepancy becaDes more significant. Conversely, the late Holo

cene and geodetic shear strain rates for west-central Marlborough are 

nearly identical, while the overall latest Quaternary strain rate, in 

particular the latest Pleistocene early Holocene incremental rate, is 

nearly twice as high. The shortening rates estimated fran latest 

Quaternary and late Holocene faul t-slip data are much lower than the 

gecxietic strain rates. 
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The latest Quaternary and late Holocene strain rates fran the 

Southem Alps transects are affected by the width of the area con

sidered, just as the slip rates estimated fran the geodetic data are so 

affected. However, the geologic strain rates from the Okuru-Moeraki 

area are cauputed over a width nearly identical to that of the Haast 

geodetic network, so these rates should be canpatible. The latest 

Quaternary shear strain rate inferred fran fault slip is more than 

twice the geodetic rate, while the late Holocene rate is only slightly 

larger. The latest Quaternary horizontal shortening rate is even more 

in variance with the geodetic rate. This latter result may be an 

artifact of the assumpticm that all of the uplift of marine terraces is 

occurring at the Alpine fault. Nonetheless, the late Holocene shorten

ing rate, which is based solely on fault displacements, is at least 

twice the geodetic rate. 

MclDent-release rates can be obtained fran fau! t-slip data 

by use of eq. 4.2. A fault width or depth of 12 km is used, consistent 
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with that used in the analysis of seismicity data. In this calculation, 

it is asswned that all the JJDDeIlt release is occurring on the active 

faul ts, whereas the caDpUtuation of manent-release rates fran seismicity 

data incorporates the entire study area. To make the two data sets 

consistent, Doser and Smith (1983) suggest that both be normalized by 

the surface area used in the canputation. For the seismicity data the 

surface area of the Marlborough study region is 67xl03 km2 • Results 

of the ccmputation for the preferred DDDent-rate values are given in 

Table 23. 3.3xl024 dyre-cm/yr/103m2 is the chosen value. 

'ftle entire Marlborough-northern Alpine fault seismic study 

regicm was used in the canputaticm of the mcment rate fran seismicity 

data, so a similar region nrust be used for the geologic data. This 

includes transects B through F (Table 21). Latest Quaternary slip rates 

across the transects range fran less than 40 rmn/yr to nearly 46 rrm/yr 

boundazy-parallel and less than 1 rmn/yr to nearly 7 rrm/yr boundazy

normal. The total length of faults in the region used in the slip-rate 

calculations is 1100 lan. A fault width or depth of 12 lan is used for 

the faul t-slip data as with the seismicity data. The total area is 

13x103 lan2 . The total mcment-release rate fran fau! t-slip data is 

1.74 to 2.00x1026 dyne-cm/yr or 1.32 to 1.52x1025 dyne-cm/yr/lo3km2 for 

the normalized mc:ment rate. This is nearly 5 times greater than the 

preferred rate obtained fran seismicity data, but it is nearly identical 

to the rate obtained using the general Hanks and Kanamori manent

magnitude relat1o.nsh1p, which should be more sensitive to the larger

magnitude earthquakes poorly represented in the historical seismicity 



record (Table 23). Thus the fault-slip ard seismicity data yield 

consistent results, despite the uncertainties in both data sets. 

Synthesis 

The most remarkable result of this investigation of lCl1g-, 

intermediate-, am short-period slip across the Alpine shear system 
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is the decrease in rates of lateral slip fran the earJy to the late 

Holocene (Figure 78). Indeed, at many sites, no more than one surface

faul ting event has occurred wi thin the last 2-3 lea. Al though in general 

the short-period ard latest Quaternary rates are similar, late Holocene 

rates in Marlborough generally are no JOOre than half of the short-period 

rates. Along the Alpine fau! t late Holocene rates are similar to short

period rates, while latest Quaternary and incremental rates appear to 

be substantially greater than short-period rates. 

~ long-period and latest Quaternary rates were canpared am 

discussed, several possible explanations for the differences in rates 

were considered. 'l\«) hypotheses concem errors in the faul t-slip ard 

age-est1mation data, ard these were rejected. Three more interesting 

hypotheses also were proposed, but not fully resolved. The first 

involves the assertion that late Holocene slip rates indicate a furda

mental change in the rate of relative plate motions. SUpport for this 

hypothesis would be provided if short-period data indicate much laer . 

rates of motion across the Alpine shear system than expected fran long

period data. Even if this criterion were met, however, it would not 

be sufficient evidence for a late Holocene change in plate motions. 

For example, short-period data fran california generally yield rates 



less than those predicted fran relative plate motions, yet they are 

interpreted in terms of the lack of large earthquakes or as a result 
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of strain patterns in the cycle of accumulation of strain between major 

plate-boundary fault-rupture events (eg. 'l11atcher, 1983). 

The second remaining hypJthesis suggests a temporal change 

in the distribution of deformation across the plate boundary, such as 

an increase in ductile defonnation rates relative to brittle deformation 

rates, while the total motion across the plate boundary remains c0n

stant. This ~d be supported by an agleement between short- and long

period rates, although again this would be insufficient evidence. Addi

tional supporting evidence MJUld be a systematic change in the concen

tration of slip across one or another fault of the shear system, again 

in the context of constant plate-boundary JOOtions. SUch is not the 

case, however. 

The final hypothesis attributes the changes in fault slip to 

. episodic motion across the plate boundary. This hypJthesis tentatively 

was accepted at the conclusion of long- and intermediate-period rates, 

given the agIeement batweeil long-period plate motions and slip across 

the Alpine shear system over the entire 15-20 ka period studied here. 

But the rates of short-period motion still must be resolved with this 

hypothesis. These three hypotheses are reviewed critically in the 

following sections. 

FuD::lamental Change? 

If a fundamental change in plate motions has occurred, short

period data should reflect the "new order" as described by late Holocene 
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data. This hypothesis can be rejected for the Marlborough region. 

Short-period rates of strain and slip are about the same as lcmg-period 

rates, a conclusion first reached by walcott (1978) when he considered 

sane of the same data. '!'be short-period rates are significantly greater 

than late Holocene rates so do not support the contention that late 

Holocene rates provide a new "benchmark" for relative plate JOOtions. 

It is important to recognize what the short-period data are and 

are not showing about the rates of plate-boundary motions and present

day tectonics. Strain data across a region may reflect secular rates of 

strain accumulation as apposed to local strain heterogeneities produced 

by the coseismic and postseismic displacements aco "'panying large 

earthquakes. Thatcher (1979) found that the coseismic motions can mask 

the secular strain accumulation rates even over intervals of 100 years. 

Yet it is the secular strain rates that are expected to match the long

period plate-boundary motions, and savage and Burford (1973) were able 

to use secular strain rates to describe present-day plate-boundary 

lOOt ions in central california. 

The 1888 Glyrm Wye earthquake ruptured part of the area crossed 

by geodetic nets used in this study, so coseismic DJtions may help 

explain the concentration of strain across the Hope fault in westem 

Marlborough. For other areas, however, it is likely that the secular 

strain rate is being obtained. Thatcher (1979) suggests that a widely

distributed zone of shear strain, such as in southem califomia, can 

be explained by permanent inelastic deformation over a broad area (as 

{X)Stulated by walcott, 1978, for the Alpine shear system), aseismic 

slip at depth on one or more faults (an approach used by Savage and 



301 

others, 1981, to explain other data fran southern california), or 

faulting on J'llDDeJ."OUS su1:p3rallel faults of a shear system. The diffuse 

faulting and seismicity pattern in southem california led'lb!tcher to 

choose this alternative for that region. The similar seismic pattern in 

the Marlboi'ough region is consistent with this interpretation as well. 

The seismic manent-release rate fran Marlborough agrees so well 

wi th the expectations fran long-period plate motions that it is tempting 

to argue that all plate-bo\.mdary JOOtions are aco 1111. dated by the small

to JOOderate-magni tude earthquakes that daninate the record used in these 

calculations. However, the occurrence of occasional large-magni tude 

earthquakes is required by the frequency-magn1tude relationships used, 

am the high manent that accClllpallies these events means that they must 

represent a substantial portion of the total mcment-release rate that 

is calculated, even in the absence of many large historical events. 

The data imply that the JOOderate-magnitude earthquakes used in the 

analysis are an accurate representation of the central part of the 

rranent-release spectrum, since they predict a sufficient distribution of 

larger eartb:;[uak:es to account for the expected plate-bo\.mdary motions. 

In this context data fran the Alpine fault can be oonsidered. 

'!be short-period data fran the Alpine fault resenb Ie late Holocene 

motions much more than latest Quaternary or long-period rates. These 

data apparently support the fundamental-change hypothesis. But his

torical seismicity in the central Southem Alps is very low, as was 

previously noted, so a low seismic manent-release rate would reflect 

the lack of recent seismic activity, just as an analysis of seismic 

manent release along the south-central San Andreas fault would reflect 



the lack of post-l857 activity. '1'he geodetic data fran the Southem 

Alps cover an insufficient portion of the Alpine shear system to yield 

estimates of the total secular strain, particularly if the strain is 

distributed across as wide a zone as in Marlborough, as Walcott (1979) 

implies. Although triangulation data have been collected fran across 

the entire SOUthem Alps at Arthurs Pass (Bevin and others, 1984a), 

302 

no analyses of strain rates or patterns have been pmlished for this 

survey. '!'he available short-period data fran the Southem Alps appear 

to reflect the PI: ent tectonic quiescence of the central Alpine fault, 

but both latest Quaternary and late Holocene faul t-slip data suggest 

that the short-period quiescence is a transitory feature. Thus, the 

differences among long-, intermediate-, and short-period data in the 

Southem Alps are not considered supportirv] evidence for a fundamental 

change in plate motions. 

Changes in Partitioning vs. Changes in Plate-BallOOary ftt>tions 

The agreement of the short- and lOllg-period rates ~ to 

support walcott's (1978, 1979) argument that the present-day tectonics 

of the Alpine shear system consist of approximately equal aJDOWlts of 

brittle slip on the major crustal faults and deformation, perhaps 

includilllJ bedding-plane slip, between the major faults. For the short

period data to be canpatible with the hypothesis that intermediate

period variations in rates are due to changes in plate motions, sane 

explanation must be presented to account for the differences between 

late Holocene faul t-slip rates and the higher short-period rates. 
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The total seismic mcment fran the historical earthquake record 

is strongly influenced by two large (M ~ 7) events that were accaDpanied 

by rupture of the ANatere and Hope faults. At both study sites on the 

Awatere fault, Grey River and Saxton River, the historical ruptures may 

have been the only surface-faultiDJ events in the last 2-2.5 ka. At 

Hope Springs Eternal, a rupture event in the last few hundred years, 

pJSSibly in 1888, is the only fault displacement in the last 3-4 ka. 

Many of the other Marlborough sites at which late Holocene terraces 

were examined yield similar results: no rupture at Clarence River 

in 1.5 ka and only one event at Edwards River in 3 lea; one large rupture 

event at Maruia River in the last 3 ka, although a smaller event also 

may have occurred in the last few hundered years. The historical 

period, with the two large rupture events, should have produced a 

higher seismic mcment-release rate than the previOUS 1-3 ka, since there 

has been a greater concentration of events with large nanent release 

during the last 100 yr. Thus the lack of agz eement between seismic 

nunent release and late Holocene slip rates is not surprising, am the 

close agz eement between mcment-release and long-period rates may be 

simply fortuitous. 

Apparent differences exist between geodetic strain rates and 

Holocene faul t-slip rates and patterns. Walcott and Bibby (1984), 

folladng earlier work by these two authors, argue that the widely

distributed shear strains across northeastem am westem Marlborough 

show that strain is not concentrated across the faults but is mliformly 

distributed. The data they use is not consistent with "uniform strain II ; 

rather, the strain profile is asyJIII1E!trical am peaks across the central 
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am southern parts of the Alpine shear system. In westem Marlborough 

the majority of the relative JOOVBDent between triangulation surveys has 

occurred across a 25-km-wide belt centered on the Hope fau! t, although 

this DaY be an artifact of 1888 coseismic DrM!!IDIE!!Ilt. walcott am Bibby 

( 1984) ani t this fau! t-crossing pJrtion of the network across westem 

Marlborough when they argue for wrlform strain across the entire Alpine 

shear system. 

Bibby (1976) did not anita similar probable coseismic strain 

fran his data analysis in northeastern Marlborough. The highest strain 

rates were obtained between the Awatere and Clarence faults (Figure 76), 

but this portion of the network crosses the Hog swamp fau! t, source of 

the 1966 Seddon earthquake (Ms:, 6.1; Lensen, in Adams and others, 1970). 

'!he highest strain values are fran those polygons that en: 5 sed the Hog 

SNmJp fau! t, leading Bibby to conclude that much of the measured strain 

was coseismic. Yet he apparently used these high-strain values as part 

of his argument for lBl1form strain not concentrated on the main fau! ts. 

As previously noted, Thatcher (1979) concluded that similar 

strain distributions in southem California are probably due to strain 

c:oncentrated across the many splay fau! ts of the San Andreas shear 

system, though he ac:kncMledged that other interpretations could not be 

excluded with certainty. The Marlborough strain data Similarly are 

consistent with the argument that the strain is concentrated across 

the major active faults. Thus the pattem of strain is consistent 

with the hypothesis that the plate-bJlmdary motions are concentrated 

on the faults, and the strain data do not require the substantial 

permanent inter-fault strain deformation postulated by walcott (1978). 



The short-period data certainly do not present stroog evidence 

that the changes in Holocene fault-slip rates are due to changes in 

motions across the plate bOlmdary, but the data are canpatible with 

this hypothesis. The short-period data are saDeWbat more consistent 

wi th the hyplthesis that late Holocene plate-bOlmdary motions have 

included a higher proportion of deformation, presumably ductile, away 

fran the major faults than during the early and middle Holocene, but 

again the evidence is not conclusive. The intermediate-period data 

are far more supportive of the hyplthesis of changing rates of plate

bOlmdary motions than that of changing distribution or partitioning 
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of motion between brittle and ductile deformation. On balance, then, 

the preferred interpretation of the long-, intermediate-, and short

period data is that Holocene plate-bOlmdary motions across the Alpine 

shear system have been episodic and that averaging of movement aver the 

last 15-20 ka is required to obtain the "average" plate-bOlmdary motion. 

Implications 

'lllis conclusion about the nature of changes in fault-slip rates 

across the Alpine shear svstem has saDe important implications for 

plate-bOlmdary processes and seismic hazards in New Zealan:l. These 

are considered in this section. 

Plate-Bourdary Processes 

Intermediate-period data on fault-slip rates across the Alpine 

shear system indicate that rates of plate-bOlmdary motion have varied 

substantially during different time increments of the Holor-...eIle. Rates 

exceeded long-period average rates of expected plate-bOlmdary motic:ms 
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during the early and middle Holocene, but late Holocene rates ha\re been 

a fraction of long-period rates. Faul t-slip rates averaged over the 

last 15-20 ka are approximately the same as long-period plate-boundary 

motions. 'lhus variations in plate-boundary motions ~tly have 

occurred over intervals of 3-5 ka during the last 15-20 ka. 

The present data are insufficient to ascertain whether or not 

this episodic activity has occurred only during the last 15-20 ka or 

if it is characteristic of longer-term activity across the Alpine shear 

system plate boundary. Bull and Cooper (in prep.) and Bull (in press) 

argue that uplift of marine terraces has occurred at uniform rates over 

at least the last 130 ka at sites along both coasts of the South Islam, 

al though their approach presupposes that uniform uplift rates can be 

found for undated marine terraces. If they are correct, this implies 

that uplift rates are uniform over time intervals of 20 ka, which is 

the average interval bebeen the relative high stands of sea level that 

produced the marine terraces they have studied. Thus at least one 

cunpouent of the plate-boundary motion appears to be occurring at rates 

that are uniform over intervals of 20 ka. This data base does not 

provide any insight into shorter periods of time, however, so it is not 

useful in determining whether or not episodic activity over 5 ka inter

vals as inferred fran Holocene fault slip is typical or ancmalous. 

However, the 15-20 lea interval for recognizing "average" plate motions 

is supported. 

The extension of these results beycrd New Zealand is even 

more uncertain. Variabili ty in incremental Holocene slip rates is not 

recognized with certainty fran other fault systems. Sieh am Jahns 
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( 1984) present two alternative interpretations of Holocene slip rates 

across the San Andreas fault at wallace creek in the carrizo Plain, am 

one of these requires a halving of fault-slip rates between an early- . 

middle Holocene interval am the late Holocene. However, they prefer 

an interpretation allowing a nearly~tant rate of fault slip in the 

last 13.5 lea. Weldon am Sieh (1980, 1981) show more convincing evi

dence of uniform Holocene slip rates across, the San Andreas fault at 

cajon creek. Sharp (1981) has examined Holocene lateral slip rates 

across the San .:Jacinto fault zone, a praninent splay of the San Anireas 

fault system in southern California. He finds a late Holocene slip rate 

twice the early Holocene rate. The early Holocene rate is only 1/5 that 

of the longer-term Quaternary slip rate averaged over the last 730 lea. 

Sharp (1981) speculates that the slip pattern is produced by migration 

of qaninant activity between the southern San Andreas am the San 

.:Jacinto faults. In none of these cases is the entire plate-boundary 

shear system covered, however. Bird am Rosenstock (1984) SUJ1IIJaI'ize 

slip-rate data for the entire San Andreas shear system in southern 

California, but the lack of consistency in time intervals over which 

slip rates are calculated precludes using their data to examine whether 

or not slip rates across the plate boundary vary episodically. 

As noted at the outset of Chapter 1, however, episodic plate

boundary activity is not unique to New Zea.lam. Courtillot am others 

( 1984) concluded that spreading in Afar is episodic, but their time 

scales are an the order of 105 to 106 years, rather that the 103-104 

year time scale investigated here. Thus is is not p:lSSible to general

ize the New Zealan::t results to other platel:xnn'v:mries with confidence. 



Nonetheless, it is possible to speculate that plate-boIm:iary motions 

may be episodic aver time intervals of 5-10 lea. 
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Finally, the reasons for this change in plate-bc:rurKiary JOOticms 

must be considered. If plate motions as viewed fran far-field distances 

remain constant and it is only the JOOtions across plate bcn.Irdar1es that 

are episodic, then the plate bc:rurKiary exhibits a cycle of stick-slip 

behavior that is much longer-period than the stick-slip cycles associ

ated with individual bc:rurKiary-rupture earthquakes. Alternatively, the 

episodic plate-boIm:iary motions may reflect episodic plate JOOtions. 

1hls implies that spreading, subduction, and the motions of the plates 

themselves are stick-slip in nature over time periods of thousands of 

years. Nei ther of these speculations can be supported because of the 

lack of relevant data available at present. Measurements of absolute 

plate motions, such as Very Long Baseline Interferanetry (VLBI), should 

provide resolution of this problem within the next few decades. 

Seismic Hazards 

No matter heM they are explained, the results obtained fran 

this study indicate that there has been a relative paucity of major 

fault-rupturing events within the Alpine shear system in the South 

Island aver the last 3-4 ka. This contrasts with the last 150 -years, 

when two of the four main faults of Marlborough apparently have produced 

major surface-rupture earthquakes along much or all of their lengths. 

Mat do these data and the atterdant conclusions imply about the poten

tial for future large earthquakes within the Alpine shear system? 



'!he most dramatic evidence for changing faul t-slip rates is 

fran Marlborough. The seismicity data used to study DICIDe!lt-release 

rates also are fran Marlborough, tlms this area will be ocmsidered 
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here. j. Adams (1980b) already has speculated that the central Alpine 

fault is a likely source of a major earthquake in the near future, based 

on evidence that the last three rupture events were about 500 years 

apart with the most recent event 500-550 years ago. 

'l'he rate of seismic ux:ment release during the historical period 

is significantly greater than the late Holocene JJlCIDeIlt-release rate 

derived fran fault-slip data. If the historical earthquake pattem, 

particularly such features as the occurrence of the only fault-rupture 

event on the Awatere fault in the last 2-2.5 ka, is to be consistent 

with this late Holocene record, then it implies that Marlborough cur

rently is entering, or has recently entered, a period of renewed high 

fault activity. Altematively the historical period may represent a 

brief pick-up in activity during a longer period of lOW'-level tecton

ism. If the first hypothesis is correct, and with only two of the 

faults rupturing in historical times, it is likely that additional 

ruptures that would be expected in a period of high tectonic activity 

are iDminent. So the potential for large surface-rupture earthquakes 

in Marlborough must be considered high, certainly aver the next 100 yr 

or so. 



CHAPTER 6 

SU+1ARY' AND CONCLUSIONS 

Rates of latest Quaternaxy fault slip across the Alpine shear 

system, South Islam, New Zealam, were investigated in the context of 

rates across the plate boundary averaged fran relative plate motions 

during the last 3 Ma am present~y plate-boundary activity defined by 

seismicity am geodetic data. The study was uOOer'taken to examine the 

canpatibility of displacement rates obtained over these three different 

time scales and in particular to determine if plate moticms over inter

mediate time scales such as 5 ka am 15-20 ka appear as smooth averages 

or are episodic. At the same time, the fault-sl1p analysis provides 

insight into the nature of strain distribution as a single main strike

slip fault splays into a broad group of strike-slip faults. This 

aspect of the study involves consideration of whether one of the splay 

faults acts as the principal locus of activity, the strain is uniformly 

distributed across faults am/or involves deformation between the 

splays, am/or the locus or style of principal deformation changes 

wi th time. A further concem is an appraisal of the general seismic 

hazard in the study region in the context of the intermediate-period 

faul t-slip rates am the short-period seismic am geodetic rates. 

This study was undertaken in New Zealand because the latest 

Quaternary geologic history of the South Island has produced an ideal 

natural laboratory for the study of tectonic deformation. Late 
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Pleistocene glacial advances directly affected most of the Southem 

Alps am the West Coast of the South Islam. flk>re importantly, perhaps, 

geanorphic pl'OCS I!S active during the cold climate periods am the 

transition to warmer interglacial or interstadial climates had profound 

effects on the numerous rivers of New Zealam. During late glacial am 

early post-glacial times large volumes of sediment were flushed down the 

rivers, producing extensive fill or aggzalational deposits. As the cli

mate warmed and the volume of sediment supplied to the rivers decreased, 

regional sedimentation gradually shifted to regional downcutting as 

rivers strove to gain a gradient appropriate to their new sediment load 

am discharge. The result was the developnent of sequences of stream 

terraces, with individual terraces marking the level of maximum aggrada

tion and various pauses in the downcutting. Many of these sequences are 

crcssed by active faults of the Alpine shear system. These localities 

provide a detailed history of fault displacement during the last 10-

15 ka, with older terraces preserving greater total displacements than 

younger terraces. The principal challenge in deciJ;i1ering these records 

is to determine the displacement and age of each faulted surface. 

Another important source of data on late Quaternary tectonics 

is present at many locations within the Alpine shear system. The 

elongate shape of the South Islam and geanetry of the faults result in 

close proximity of the Alpine shear system to the west and northeast 

coasts. During periods of relative high sea levels shore platforms have 

been cut along these coasts. Uplift across the boundary between the 

Irxtian-Australian and Pacific plates has resulted in the preservation of 

many remnants of late Quaternary marine terraces far above present-day 
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sea level. These features preserve a record of late QuaternaIY uplift 

that has been examined by Bull and Cooper (in prep.), Bull (in press), 

Cooper and Bishop (1979), and many other workers. Although no investi

gations of uplifted marine terraces were COIK!ucted as part of this 

study, sane resu.l ts of studies by these other workers were included to 

better define the rates and patterns of intermediate-period tectonism. 

A gocd data base of seiSmicity and geodetic measurements is 

available in New ZealcuXl to define short-period rates and patterns of 

tectonism during the last 50-150 years. This data base canplements the 

excellent late Quaternary tectonic record to further enhance the poten

tial of New Zealand as a study site. 

Many different techniques and approaches were utilized in the 

study of the problems SUI1IDal'ize<i above. These are reviewed in the next 

section, followed by a SUI!IDarY of the results of the various parts of 

this study. The final section reviews the conclusions cuXl implications 

of this study, relating back to the problems that were considered. 

Techniques cuXl Approaches 

This study was, of necessity, interdisciplinary in nature, using 

teclm1ques and approaches fran tectonics, geaoorphology, Quaternary ge0-

logy, soil science, seismology, and geodesy. The following paragraphs 

present SUJDDaries of the principal techniques and approaches used. 

1. Published estimates of the II instantaneous" pole of rotation 

between the Australian and Pacific plates (Table 2) were used to obtain 

rates of JOOtion across the Alpine shear system plate boundary. The 

plate-JOOtion data represent averages over the last 3 Ma, since rates are 
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detemined principally fran reconstructions of MJrld-w1de plate posi

tions fran magnetic ananalies up to 3 MEl in age. Rates am azimuths of 

relative plate-bc:rurdary ~t1on were computed for the general locations 

of Marlborough am the central am southern Alpine fault, am these 

plate-bc:rurdary motion vectors were resolved to obtain 0 "'lc1uents of 

displacement parallel to the regional plate bc:rurdary am normal to it 

(Table 3). 

2. Geologic field studies were conducted at 23 sites, 17 

where active faults cross stream terraces am/or glacial moraines 

am 6 where calibration data for relative-absolute dating techniques 

were obtained. Published and unpublished data fran other workers 

also were obtained fran 3 additional fault-study sites am 14 additional 

calibration sites. 

3. Displacements of faulted geanorphic reference lines, such 

as terrace risers, abandoned stream channels, and crests or margins of 

glacial moraines were measured and interpreted based on geaIDrphic 

models of the formation of these features am their resp:mses to tec

tonism. The riser between one stream terrace am the next higher or 

lower terrace is the most CUiiOOtt reference line used in this study. 

Although Lensen (19648) argued that interpretation of the rate of fault 

slip from displaced terrace risers is uncertain, the geaoorphic JOOdel 

used here allONS relatively unambiguous interpretations. It is argued 

that the age of displacements preserved by a terrace riser generally 

is the same as the age of the terrace surface below the riser. The 

future riser forms a riverbank while the level below it is an active 

floodplain. Mlen a fault-rupture event produces a lateral displacement 
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of the riverbank it is removed very rapidly by the high-energy rivers in 

New Zealand. Thus only displacements that occur after a floodplain 

level is abardoned and becanes a stream terrace are likely to be 

preserved by the riser above that terrace. In SCIDe cases not all 

the displacement that occurred while a future riser was an active 

riverbank will be removed, but this was not observed at SWf of 25 

locations where riverbanks astride active faults were eJCaJD.ined. Thus 

this model provides estimates of fault displacement that generally 

are unambiguous. 

4. Materials sui table for radiocarbon dating were sought 

fran geanorphic surfaces used in the fault studies. However, datable 

materials generally were not obtained. Relative-a.bsolute dating tech

niques are established by calibrating a relative dating technique, such 

as rock weathering, at sites of known ages. Rock weathering-r.iJxl 

thickness, soil JOOrphology, and soil chemistry were used as relative

sarolute dating techniques in this study. 

5. The thickness of weathering rinds developed on surface 

cobbles of Torlesse greywacke cooqx:si tion varies systematically with 

time. Chinn (1981) and Whitehouse and others (in press) have estab

lished empirical power-law relationships between modal rim thickness 

and age of a geanorhpic surface fran dated Holocene moraines and rock 

avalanche deposits fran the Southern Alps. Their work was extended in 

this study to incorporate calibration s1 tes from alluvial and glacial 

deposits in the Marlborough study region. To use the technique on 

stream terraces, rinds are measured only fran rocks that probably have 

been at the ground surface since deposition. Both modal and mean rind 
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thickness are used to describe the "average" rind value, because JOOC1al 

values are not always consistent with the relative ages of stream 

terraces, although they are the preferred measure due to the ~tric 

distributions of rind thicknesses c· ''''only fCllDi. Reasons for the 

discrepancies between relative and IOOdal rind age 0 ""only include 

partial burial of surface rocks and/or deflation of terrace surfaces to 

expose rocks that had been in the subsurface. The growth of weathering 

rinds in Torlesse rocks appears to be independent of climate, given the 

lack of dependence on rainfall, which ranges annually fran 1000 to 

5000 DID for calibration sites, or on al ti tude. Al though saoe system

atic mineralogic difference exist within the Torlesse source terrane 

between most of the calibration sites and most of the faul t-study sites, 

these differences also do not produce significant variations in the rate 

of rind formation, as evidenced by the good fit of Marlborough calibra

tion points to the other data. 

The rate of rind developne:nt is significantly affected by 

degree of metamorphism and burial of rocks, so a separate calibration 

curve was establshed for low-grade schistose rocks fran subsurface sites 

in westlan:i. In the subsurface erwilQUmellt weathering-rind developnent 

is sensitive to the depth and degree of leaching, so is more climate

sensitive than rind developDeIlt from surface sites. No strong correla

tion between subsurface rock weathering and depoei t age was obtained 

for sites outside of Westland. 

The precision in ages obtained fran surface weathering-rind 

nOOal data is ±5% for late Holocene surfaces to ±20% for latest Pleisto

cene surfaces. Age estimates fran rind mean data are less precise, 
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ranging from ±10% to ±33%, because of the greater scatter in calibration 

data. Corresp:mding Wlcertainties from subsurface rocks are much 

greater, ranging from ±20% to nearly ±50%. 

6. '!be JOOrphologies of soils were quantified from field 

descriptions using a soil Profile DevelopDent ID:lex (Harden, 1982) that 

assigns points based on step-wise changes in various JOOrphologic proper

ties. Many aspects of the soil index originally were designed to 

measure JOOrphologic changes due to inc! eases in hematite and other 

clays: reddening or rubification, textural changes, changes in soil 

consistence and structure, and developDeI1t of clay films. The latest 

Pleistocene and Holocene soils examined in New Zealand display many 

other developDeI1tal characteristics, so that sane of the properties used 

by Harden (1982) are not sensitive soil~lopnent indicators, while 

other properties not used by Harden are important. These other proper

ties include color-lightening and gleying, developnent of JOOttles, 

weathering of subsurface cobbles, developnent of cobble coatings (not 

necessarily clay films), and decrease in field-measured soil pH. Three 

moderately well-dated soil chronosequences--Franz .Josef, Reef ton, and 

Ben Ohau Range--serve as calibration references· for this technique. 

Ages of West Coast soils are estimated directly from the calibration 

data and relative ages of Marlborough soils also are estimated. 

1. Chemical CQnpJuents of New Zealard soils also change rapidly 

wi th time. Two general approaches were used to obtain chemical informa

tion. Total chemical analyses were accanplished by X-ray fluorescence 

(XRF). Elements measured included Si, Al, Fe, ca, K, Na, M:;J, Mn, P, 

Ti, and Zr; the <2 DID soil fraction was used. Data are analyzed by 
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nomalizing all chemical C "(CI'1ellts to zr, which is a relatively stable 

element in the soil erwirar:aent and is likely to have neither weathered 

out of minerals nor been translocated. Eluvial/illuvial coefficients 

(Mrlr and Logan, 1982), which show gains or losses of a chemical canpo

nent through a soil profile, were OCIIIpUted fran these data. All element 

concentrations that have been normalized to zr then are normalized to 

concentrations in the \lm'eathered parent material (or saDIe approximation 

thereof) to examine the gains and losses. 

The second approach is to measure the portion of total Fe 

and Al extractable by an OHalic acid solution. This teclmique extracts 

the "free" Fe and Al present in amorphous alXt poorly-ordered clay 

minerals, which are the first clays to form tmder the climatic and soil 

moisture regimes present in New Zealand. This technique yields those 

portions of the total Fe and Al that have been mobilized and redeposited 

during early stages of soil developoent. In both approaches, data fran 

the Franz .Josef and Okuru dated soils were used to calibrate the rates 

of trams in chemical change seen in the West coast soils. Relative 

ages of soils from three Marlborough chronosequences also were estimated 

using chemical data. 

8. Age estimates fran these different relative-absolute dating 

teclmiques were in conflict for several of the geaoorphic surfaces 

examined in this study. Estimates fran modal rind data generally were 

the preferred values because of the higher precision of this technique 

canpa:red to other approaches. When these estimates were substantially 

in conflict with other data, the differences were resolved either by 

using rind mean to calculate the age or by adjusting the age estimate 



to make it consistent with soil data and relative pJSi tioning of other 

terraces of a sequence. 

9. 'l11e displacement measurements and age estimates were used 

to caupute faul t-slip rates for each studied geanorphic surface. 

Displacement-age diagrams were used to ass e 59 uniformity of faul t

slip rates at individual sites. IncI'emental slip rates were canputed 

after defining time intervals during which fault slip appears to have 

been uniform. 
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10. Historical shallow crustal seismicity data were used to 

canpute mcment-release rates am to determine the orientation of an 

lIaverage" regional IDCIDel'lt tensor. only shallow crustal events (focal 

depth ~ 12 Ian) were utilized because deeper crustal sources in north

eastem Marlborough consistently yield different focal mechanisms, 

suggesting a coupling of deeper crustal seismicity to the subducting 

Pacific plate (Arabasz and Robinson, 1976). A mcment-magnitude rela

tionship was obtained fran New Zealard earthquakes ard an additional 

Mo-M relationship based on worldwide data also was used. The seismiCity 

of the Marlbo!'OUQh region was divided into various subsets, based on 

the quality of epicentral locations and the caupleteness of earttquake 

magni tude information. These subsets were used to canpute frequency

magni tude relationships for historical seismicity. The Mo-M ard N-M 

relationships were used to caupute rates of seismic moment release 

using equations developed by Anderson (1919) am fwblnar (1919). The 

orientations of the principal axes of the seismic nanent tensor were 

obtained by using published focal mechanisms to define regionally

consistent P, T, ard B axes of ear~. An average slip vector 
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also was defined. Using the definition of seismic DODetlt, fault-slip 

rates across the Alpine shear system were canputed fran the seismicity 

data. The strain-rate tensor was ccmputed using a relationship between 

strain and DODetlt (Kostrov, 1914). 

11. Repeated triangulation measurements in Marlborough and 

across the Alpine fault yielded data on shear strain during the last 

100 years. Published interpretations of shear strains and strain rates 

cauputed fran triangulation nets were used to canpute the average shear 

strain across the platel:Joun::1ary, and the distribution of strain was 

canpared to the fault distribution to examine whether or not strain is 

concentrated across faults. The limited leveling data did not allow 

arrf detailed analysis of uplift across the Alpine shear system. 

Results 

The techniques and approaches SUI1IDaI'ized above provided insight 

into rates of long- (order 3 Ma), intermediate- (order 15-20 ka), and 

short-period (order 100 yr) motions across the Alpine shear system plate 

boundary. The following paragraphs SUJllDarize the results fran individ

ual techniques and the overall results of computing plate-1:Joun::1ary 

motions. 

1. Long-period plate JlX)tions during the last 3 Ma define 

o "qonents of displacement parallel and normal to the plate boundary, 

both measured in a horizontal plane. In Marlborough the average slip 

rates are 40-50 mm/yr parallel and 8-13 l'I'lIJl/yr normal to a platel:Joun::1ary 

with average azimuth of 65 0
• The central Alpine fault is characterized 

by rates of 35-40 rrm/yr parallel and 20-23 rrm/yr normal to a plate 



bourrlary azimuth of 55 0
• The southern Alpine fault, with average 

azimuth of 580
, has rates of 35-41 nm/yr parallel and 13-15 '!'!D/yr 

normal. 
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2. Largest Holocene and latest Quaternary lateral displacement 

values are obtained fran the Hope fault, while the three other main 

Marlborough faults have similar post-glacial displacenents. Post

glacial displacement along the Alpine taul t may be variable along strike 

and may exceed Hope fault displacements, at least in the Wcmganui area. 

3. Calibration equations for relative-absolute dating using 

rock weathering rinds are 

A = (966±66) R1.3O±Q.05 

for modal data, and 

A = (1066±123) R1 . 31±O.09 

for mean data. A is age in years, R is rirrl mode or mean in milli

meters. The less well-determined equation describing weathering of 

subsurface rocks fran West Coast soils is 

A = (1011+11) R1•16±9. 20 

using rirrl mode. 

4. Soil morphology irrlices are useful in estimating ages of 

West Coast soils, as the data fran West Coast calibration si tea are well 

described by a power-law flmction (Figure 41). Profile developoent 

indices fran Buller River and Ben Ohau Range also are well described by 

a power-law fmlction (Figure 41), but the profile index values obtained 

for thase soils are considerably less than values fran Charwell River 

soils of canparable age. Other Marlborough soils also have higher 

profile indices for a given age. '11m.s the Buller River and Ben Ohau 



Range soils do not provide a useful calibration data set for soils 

fran the Marlb:>rough region. 

5. Leaching of ca, NJ, K, and P in West coast soils is very 

rapid, and the decreasing aIOOUl'lts of these elements provide a useful 

semi-quantitative means of estimating soil age. Similarly, Feo (axa

late-extractable iron) and Alo exhibit substantial changes in these 

soils, involving an initial rapid increase in both Oil'lonents in soil 

B horizons \Dltil a maximum is reached in a soil with an age around 
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12 ka, and a drop-off in older soils as increased leachirg and greater 

orderirg of clays occurs. No equations were fit to these patterns of 

change, due to the emall data base available. Leaching is less extreme 

in the Marlborough soils, and most time-dependent chemical changes are 

Jl¥:)re subtle. Strong trends in Fee and Alo are found at Charwell River, 

however, with a gradual increase in concentration and deepenirg of the 

zone of concentration with time. The latest Pleistocene aggradation 

surface may display a reversal in this trend, similar to the reversals 

fran Westland data. 

6. Soil data provide the JOOSt reliable age iD:ticators for geo

morphic surfaces fran the West Coast faul t-study sites, while weather

ing rind data are the best age indicators for Marlborough sites. 

Several age estimates derived fran rind data are JOOdified due to con

flicting soil data. t-bst notable aJOOng these is T1 fran Charwell River, 

M1ere the soil data support the older age estimate obtained fran rind 

mean rather than the rind mode estimate. Tl fran Saxton River also was 

assigned an age older that the estimate fran rind JOOde due to conflict

ing soil data. T1 at Branch River was assigned an age from the rind 
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mean estimate, since this age is closer to the ages assigned younger 

terraces, in keeping with soil data. The age estimates fran the Cla

rence River terraces were derived by considering rind and soil data and 

the field evidence for deflation of the faulted terraces. The ages 

still may be umerestimates, particularly for the Tl surface. 

7. Average latest Quaternary lateral slip rates across the 

Hope fault are greater than the S\DIl across the other main Marlborough 

faul ts, which is consistent with the large displacements preserved 

along the Hope fault. Lateral slip rates range fran 5 rmt/yr at Branch 

River to more than 40 rrm/yr at Hope Springs Eternal. Vertical slip 

across the faults is mre variable and less well constrained in many 

cases, and several sites yield evidence of a reversal in the upthrow 

direction during the Holocene or latest Pleistocene. 

8. Late Holocene lateral slip rates, both fran individual sites 

and fran sums from transects across the Alpine shear system, are sub

stantially less than incremental early-mid Holocene rates. At Hope 

Springs Etemal the decrease is at least an order of magn1 tude, while 

at Branch River there may be no change, although the details of late 

Holocene slip at this site are not lcncMn, due to the lack of yotU1g 

stream terraces. 

9. Holocene reversal of sense of vertical slip across the 

Marlborough faults is found at numerous sites, as noted by other NJrkers 

(eg. Lensen, 1968). There is no systematic variation in slip rate, side 

of the fault that is upthrown, or relation of Holocene change in upthrow 

direction to langer-term upthrow direction. Thus the vertical slip 

data do not require any regional reorganization of the stress field. 
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10. caJlparison of lorg- ani intemediate-period plate-boundary 

IOOtions shows that the average lateral slip rate over the last 15-20 ka 

in both Marlborough ani the Sauthem Alps approximates the plate

boundary IOOtions predicted fran lorg-period data. Incloemental early 

Holocene slip rates exceed the lang-period average at many of the 

transects, but late Holocene slip is 50% or less of the long-period 

rate. Latest Quaternary boundary-normal shortening is much less than 

the lag-period rate. 

11. Seismicity arxi geodetic data yield similar rates of strain 

and slip across the plate boundary in Marlborough. Strain rates are 

4.2x10-1 /yr fran seismicity ani 3. 3-4. 4x10-1 /yr fran geodetic data, and 

corresponding slip rates are 35 um/yr ani 35-45 rrm/yr parallel and 

1.4 rrm/yr and 1.9-11 rmn/yr nomal to the plate boundary. The geodetic 

data are minimum values, because only part of the Alpine shear system 

is crossed and only part of the total strain field is determined fran 

triangulation data. 

Conclusions 

Stmmarizing the conclusions of this study involves an appraisal 

of the success at reaching the goals outlined in Chapter 1. The goals 

are reviewed and additional conclusions are SUJDDaI'ized in the following 

paragraphs . 

1. The first goal of this study was to define latest Quaternary 

rates of activity across the main faults of the Alpine shear system in 

the South Island. Using relative-absolute dating of faulted geanorphic 

surfaces as the principal dating tool, rates of slip were defined at 
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20 sites within the study region. 'lbese were canbined into six tran

sects across the Alpine shear systen, sane canpiling late Holocene slip, 

others examining latest Quaternary total slip and Holocene inctaemental 

slip. 

2. The second goal was ~o examine temporal uniform! ty of 

these intermediate-period slip rates and to examine the spatial distri

bution of slip across the Alpine shear systen, emphasizing the transi

tion fran the single Alpine fault in South Westland to the broad shear 

systen of the Marlborough region. The first part of this goal is 

considered first. 

Intermediate-period slip rates, both lateral and vertical, 

have not been uniform during the Holocene at most of the study sites. 

Several hypotheses were proposed to explain the changes in the 

intermediate-period plate-bcJur¥iary IOOtions, particularly the bcJur¥iary

parallel canponent. Two hypotheses were considered most viable. In 

the first, variations in Holocene slip rates are thought to represent 

changing proportions of the acc •• "'. dation of uniform plate-bcJur¥iary 

motions between fault slip (brittle deformation) and folding and ductile 

deformation. In the second, changes in slip rates are thought to 

represent changing rates of plate-bcJur¥iary motions. The second hyp0-

thesis is chosen as the most likely explanation, primarily because 

incremental early-JDid Holocene fault-slip rates across the plate boun

dary exceed the average long-period motions, indicating that the rates 

of motion across the bcJur¥iary must exceed the average during sane 

intetvals and be less than the average during others. This observation 

is inconsistent with the first hypothesis. Short-period data, however, 
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are more consistent with the first hypothesis than the secorld, since 

rates and patterns of strain accumulation suggest that the present-day 

strain distribution is not nee arily confined to the faults and that 

the rates of shear strain are similar to the long-period average. The 

short-period data are c::aupatible with the sec:oOO hypothesis only if the 

historical period is part of a more active episode of plate-boundary 

motion that represents a change in the rate of activity fran the late 

Holocene. 

In the context of long-period plate-boundary motions, the 

boundary-parallel strike-slip c:anponent of motion across the Alpine 

shear system in Marlborough is expected to be greater than in the 

central am southem SOUthem Alps. The boundary-normal Oiii{onent is 

expected to decrease fran the Southem Alps to Marlborough. In a broad 

period faul t-slip data. The latest Quaternary lateral fault slip across 

the southem Alpine fault may be somewhat less than the long-period 

rate, am the difference may be accoomodated by bedding-plane slip in 

the schists of the SOUthern Alps. Direct evidence of this is not 

available. In contrast, latest Quaternary strike-slip rates across 

the Marlborough faults canpletely accamoodate the long-period plate

boundary motion. Thus there may be a change in strain distribution 

between the ~ regions, largely because of changes in the ductility 

of surface and shallow crustal rocks. This does not reflect any ful'XIa

mental change in distribution of strain due to the transferral fran 

a "master" fault to a group of splays. The boundary-normal motion 

across the southem am central Alpine fault is not well constrained. 
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But it appears that a smaller proportion of the total shortening may be 

accc:mnodated by fault slip in Marlborough than along the main Alpine 

taul t. This is in direct contrast to the boun;iary-parallel 0 ,ul'onent, 

and it may indicate an adjustment in strain distribution fran the main 

faul t into the zane of splays. 

A final aspect of the strain distribution problem is whether or 

not one fault of the splay group acts consistently as the most active 

faul t or if there is a shift in level of activity among the faults, as 

Sharp (1981) postulates for southem Califomia, or as Beanland (in 

N:xXi, 1984) shows for central otago. The data obtained in this study 

clearly indicate that the Hope fault is the dominant fault of the splay 

group in Marlborough during the latest Quaternary. This dominance is 

less clear in the late Holocene, when all the faults have been less 

active. The details of late Holocene activity of the wairau section 

of the Alpine fault are not well-known, although data fran waihopai 

River and Matakitak1 River indicate low rates of late Holocene displace

ment. The Glyrm Wye site on the Hope fault is the most active site in 

the late Holocene, and most of the Hope fault does appear to show 

higher late Holocene activity than the Clarence or Awatere faults. 

Thus, although the dan1nance of the Hope fault is not as pronounced in 

the late Holocene, it probably remains the most active cuuponent of 

the Alpine shear system in Marlborough. 

3. The final goal was to emmine the consistence of short

period data with long- and intermediate-period data and examine the 

implications of the resu.l t for seismic hazards ass: 5 ADIent in New 



327 

Zealand. The consistence of the different data sets already was S\lIDDa

rized in the preceec:iirq section: short-period rates are very similar 

to long-period rates, and they are canpatible with late Holocene rates 

if the historical period is part of a more active episode of fault 

sootion. If this latter ronclusion is true, it implies that a high 

seismic hazard exists in Marlborough and along the Alpine fault, as 

many fault segments have not ruptured during this interval of renewed 

high activity. 

4. The conclusion fran the long-, intermediate-, and short

period data is that plate-baurdary motions in New Zealand have been 

episodic over the last 15-20 1:.a, with episodes of higher and lower 

activity having lengths of perhaps 3-5 ka or saneNlat longer. Variabil

ity at these time scales has not been recognized across other cCIDPlex 

continental plate txnJmaries, although Sharp (1981) recognizes episodic 

slip on a similar time scale across the San Jacinto fault, part of the 

San Andreas shear system plate baurdary. The uniform nature of uplift 

inferred fran marine terrace data suggests that plate-baurdary motions 

in New Zealand consistently are uniform over 20 ka time scales. The 

3-5 ka time scale of episodes of activity obtained here may be anana

lous, but it may also represent a fuOOamental period of variability 

in motions across plate boundaries. 



APPENDIX A 

FAULT STUDY SITE'S 

This appendix caoprises a discussion of each fault study site 

excluding those described in Chapter 2. Displacement data and an 

iOOication of datiDd technique are included. 

Westland Sites 

Five Westland si tea were studied from the Alpine fault south 

of the Big Bern. Published data fran two other sites, Lake M:;Kerraw 

and Okuru River, also are included. The MJeraki River site already 

was discussed in Chapter 2. 

Lake McKerrow 

Lake tot:Kerraw is near the south end of the onshore Alpine 

fault, just north of Milford Sound in Fiordland (Figure 5). The north

west side of the fault appears to be upthrown at Lake M:;Kerrow, in con

trast to other p:lrtions of the main Alpine fault farther north. Hull 

and Berryman (in press) use dated Holocene shellbeds fran either side 

of the fault to document a differential uplift rate of 0.6 ± 0.3 m/ka, 

NW side up, across the fault in the last 8 lea. The total regional 

uplift is 2.2 ± 0.2 m/ka over this time period. Hardy and Wellman 

( 1984) argue that a 100 m high, NW side up scarp between Lake M:;Kerrow 

and Milford sound is due to disruption of topoglaphy am offsetting 

of ridges by strike-slip faulting, with no net vertical displacement. 
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Late-glacial moraines near Lake McKerrow are displaced 

300 ± 50 m (Table Al; Hull am Berryman, in press). Hardy am Wellman 

( 1984) suggest that topography south of Lake McKerrow, of presumed post

glacial age, is offset 600 m. Al though the timing of the erii of glacia

tion is not documented in this area, Hull am Berryman (in press) assume 

an age of 16 ± 2 lea am Hardy and Wellman assume 14 lea. Following the 

arguments of Chapter 2, an age of 12 ka also is possible, so the range 

in ages for offset moraines at Lake McKerrow is 12-16 lea. 

Okuru River 

The Okuru River emerges onto a broad coastal plain fran the 

Southern Alps 12 ian south of the Haast River. There is a praninent 

scarp alOl'g the Alpine fault between the Turnbull am Okuru Rivers 

(Cooper and Bishop, 1979), and a sequence of faulted stream terraces 

is prese~ ~t the south bank of the Okuru River (Berryman, 1975). 

Detailed fault features are largely masked by thick bush except at 

the cleared young river terraces. 

Cooper am Bishop (1979) showed at least 5 m vertical displace

ment, NE side up, of a \1'OUl'lg terrace on the north bank of the Okuru 

River. Logs buried in the terrace gravels give radiocarbon dates 

of 2210 ± 90 and 2600 ± 80 years, am their stratigraphic position 

is consistent with a terrace surface age about 2 lea. Deeper in the 

stratigraphic section, a shallow-marine shell bed has been dated at 

9740 ± 200. The present elevation of these deposits and their inferred 

deposi tion at 34 m below present-day sea level implies a total uplift 

of 47 m in the last 9.7 ka. 
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TABLE Al 

FAULT DISPIACEMENT DATA, ALPINE-wAIRAU FAULTS 

Site Surface Feature Di!mlacements 
Horizontal Vertical 

Lake McKerrow MJraine Crest 45o.±150 
Okuru River Terrace 1 Riser, tread 13.5±<>.5 -2. 2±()' 2 

Channel 13.5±<,.5 -1.3±0.2 
Terrace 2 Riser 8.O±Q.5 

Mahi tahi River Terrace Riser, tread 18.8±4.0 -3.1±<>.2 
Wcmganui River MJraine Alignment of 90o.±300 

moraine 
crests 

Toaroha River Terrace Channel 10.5±1.0 -1. 6±<>. 2 
Maruia River Terrace 2n Channel 46±6 

Trend -13.8±O.3 
Terrace .Is Riser, tread 9.0±<,.5 -2.6±Q.2 
Terrace 3s Channel 9.0±<,.5 -1.1±<>.1 

Matakitaki River MJraine Crest 15o.±25 
Terrace Channel 9.O±Q.5 -2.2±<>.2 

Lake Rotoiti Older moraine Crest 67±15 -9.8±4.6 
Younger moraine Crest 46±12 to 58±9 -3. 6±1. 2 

to -4.6±1.5 
WClihopai River Terrace 1 Channels, 75±10 -3.8±<>.5 

tread 
Terrace 2 Riser 33.2±4.0 

Channels 56.±8 -1.5±O.4 
Terrace 3 Channels 17.6.±4.0 -o.7±O.3 

NOTES: All displacement values in meters. Displacements for Toaroha. 
River and WClihopai River are totals for two parallel fault 
traces. Riser displacements are for crests, except for 
WClihopai River, where riser mid-points are used (Lensen, 1976). 



Cooper arrl Bishop also cite evidence for uplifted marine ter

races in the Southem Alps east of the Alpine fault. Bull am Cooper 

(in prep.) use these terrace remnants, correlated to dated marine 

terraces in New Guinea to infer uplift rates in the Southem Alps. 

Berryman (1915) mapped right-lateral displacements of 8.0 to 

13.5 m for terrace risers am stream charmels on the south bank of the 

Okuru River (Figure 29). From the height of these terraces am the 

dated terraces of Cooper and Bishop, he argued (Berryman, 1919) that 

the faulted terraces are 1000 to 2000 years old, with the younger age 

more likely. Displacement data fran this site are listed in Table Al. 

Mahi tahi River 
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The Mahitahl River euexges fran the Southem Alps onto a coastal 

plain at the Alpine fault, 50 km northeast of Haast. The fault trace 

largely is obscured by thick bush (Figure 12b). Several stream terraces 

are preserved both upstream fran aM dcMnstream of the fault. During 

a recormaissance field investigation, a fault scarp marking the active 

trace of the Alpine fault was observed crossing young stream terraces in 

dense bush on the northeast bank of the river. The scarp height on the 

first terrace above river level is 3.1 ± 0.2 m up on the southeast. The 

riser to the next higher terrace is praninent on the upthrcMn, upstream 

side of the fault, but less praninent on the downstream side. The 

apparent right-lateral displacement of this riser is 18.8 ± 4.0 m, 

al though it may be greater. No horizontal displacement is preserved at 

the streambank, although the fault scarp extends to the edge of the 
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terrace. The soil developed on this terrace is e:xp::lSed in the riverbank 

and it was examined as a basis for relative-absolute dating. 

Wanganui River 

The Wanganui River emerges fran its canyon wi thin the Southern 

Alps at the Alpine fault. It broadens into an alluvial plain, and 

the valley center jogs nortl'Mest sane 5 Ian (Figure Al). The lCMer 

Wanganui is confined by JJX:)rainal ridges, but the moraines do not extern 

back to the faulted mcnmtain front. 

The right-lateral shift of the Wanganui JJX:)raines fran the 

canyon mouth is 0.7-5.0 kIn with a best estimate for the southern JJX:)raine 

belt of 0.7-1.2 Ian (Figure Al). Soils and subsurface rocks of the 

valley-confining JOOraines were examined in the field and laboratory 

for use in relative-absolute dating. 

Toaroha River 

The Toaroha River and the Styx, Kokatahi, and Hokitika Rivers 

canprise a large plain between the Alpine fault and the coast at Hoki

tika. A few young terraces of the Styx, Kokatahi, and Toaroha Rivers 

are preserved at the mcnmtain front. 

Berryman (1975) mapped two traces of the Alpine fault across 

terraces on the south bank of the Toaroha River. He fourrl no fault 

traces on the younger terraces north of the river nor on terraces of the 

Kokatahi River to the north, observations confirmed during 1982 field 

reconnaissance. The two traces of the Alpine fault at Toaroha River 

both have preserved scarps and offset stream channels and terrace 

risers. Displacements are preserved on two terraces, and both terraces 
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Figure Al. Wanganui River ftbraines. 

1::::1 Late Otlran Moraines 

r~'j Southern Alps 
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a. Map of Late Otiran IIDraines oorderirYJ Wanganui River. Alpine 
fault shown as heavy line, IIDraines stippled. Moraines confining 
lower Hanganui River rise more than 100 m above river. Sketched 
fran New Zealand 1 Ir=l mile topogzaphic map. 

b. Inferred displacement of Wanganui moraines. crests of youngest 
river-bounding JOOraines shown as solid lines. They are projected 
back to the Alpine fault. Upstream continuation is inferred 
fran margins of Wanganui River canyal, which were the sides 
of valley glaciers. 



334 

show similar amounts of both horizontal and vertical displacement. 

A total of 10.2 ± 1.0 m right-lateral displacement is preserved by 

several channels and a riser across the two traces, with two-thirds to 

three-quarters across the west trace. Figure A2 shows one of the 

displaced channels. Total vertical displacement across the two traces 

is 1.0-1.6 m, SE side up. The soil of the younger terrace was sampled 

for relative-absolute dating. The lack of weathering of schist cobbles 

on the two terraces suggests that both are very young and very similar 

in age. 

The southern part of the Hope fault, which Freund (1971) mapped 

as a widely-dispersed zone of branch faults near the Alpine fault, 

intersects the Alpine fault in this area, probably just northeast of 

the Toaroha River. Thus, the Toaroha River is the northerrunost study 

site before the splaying of the Alpine fault. 

Maruia River 

The Maruia River crosses the Alpine fault at the south eIXi of 

the Big Bend, near \Clere the Awatere fault joins it. The fault sepa

rates two JOOUI'lta1n blocks, the schist and greywacke of the Southern Alps 

fran the grani tics of the Victoria Range to the northwest. Unlike most 

of the West Coast sites, there is no broad plain iDmediately dcMnstream 

of the Alpine fault, and the Maruia River has preserved rmmerous stream 

terraces. 

Wellman (1952) first mapped faulted terraces on both sides of 

the river, and Lensen (1973) and Berryman (1975) mapped the sequence on 

the soutlMest bank, the calf Paddock, in particular detail. Figure A3 



Figure A2. Offset stream Channel, Toaroha River. Channel dis
placed 9 m right-laterally by trace of Alpine fault that 
runs across photograph. 
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Figure A3. Maruia River Faulted Terrace Sequence. Note displaced 
stream channel and beheaded charmel on TIn. "Evison' s wall" is 
across fault on Tas. Map constructed from aerial photographs and 
field observations. 



shcMs these terraces, with sane modifications to Berryman's mappirg 

based on 1982 field work. 

Four terraces of the calf Paddock above the youngest level 

preserve the same lateral displacement, although vertical displacement 

increases two-fold fran youngest to oldest terrace. The JOOrphology 
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of the scarp on the older terraces is consistent with two displacements, 

representirg either two faulting events or displacement on two closely

spaced fault traces. Rock weathering rinds were collected fran grey

wacke cobbles on the highest of these four terraces for use in relative

absolute dating. 

Wellman (1952) mapped a fault scarp on Holocene (?) terraces on 

the northeast bank of the Maroia River. A small stream channel 1s 

displaced laterally across this fault trace. During the 1982 field 

recorma1ssnace abandoned portions of the channel were used to derive a 

total lateral displacement of 46 ± 6 m. The vertical displacement of 

the terrace surfaces range from 11 to 14 m. As with the terraces on the 

south side of the river, the fault scarp is consistently up on the 

southeast. Mabin (1983a) maps this displaced terrace as p::ISt-glacial, 

but does not assign an age. No materials were found for relative

absolute dating, but a max1mwn age of 10 ka is assigned based on terrace 

height above the river and general geanorphic relationships. 

A further interesting feature of the Maroia River site is 

the presence of a low concrete wall bull t across a 1.5 m fault scarp 

in the calf Paddock. The wall was built in 1964 to act as a reference 

line for detection of fault creep. It records no movement in the 

twenty years since construction (Evison, 1984). Unfortunately, the 



wall terminates on a tectonic bulge or pressure ridge within the fault 

zone, so it does not straddle the entire Alpine fault. 

Marlborough Sites 
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Ten sites were studied fran the Marlborough region, and pub

lished data were used fran Lake Rotoi ti • These sites involve six faults 

and fault segments. Three of these sites--Branch River on the wairau 

section of the Alpine fault, Saxton River on the Awatere fault, and 

Hope Springs Etemal on the Hope faul t--were discussed in Chapter 2. 

A site fran the Porters Pass fault in the western Southern Alps also 

was studied and is included in this section. 

Mataki taki River 

The Mataki taki River is the first major stream crossed by the 

Alpine fault north of the bend. The river flows north out of the 

Spenser Range and it bends westward just datmstream of the fault zone. 

A former northward continuation of the valley has been danIned by glacial 

moraines, and this westward jog probably is a post-glacial, non-tectonic 

feature. The now-abandoned northward continuation of the valley is 

deflected 2.5 laD right-laterally across the Alpine fault. 

Young terraces are preserved on both banks of the Mataki taki 

River where it crosses the Alpine fault, and a lateral moraine is 

preserved on the east bank of the river. Berryman (1915) mapped right

lateral displacements of 1.0-9.0 m for an abandoned channel on a terrace 

sane 5 m above the west bank of the Mataki taki . Vertical displacement 

is 2-2.5 m, SE side up. The soil developed on this faulted terrace dis

plays a weak A-C profile so it is quite young, but it was not analyzed 
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in detail. Older (higher) terraces preserve lower scarps due to partial 

burial by deposits fran a subsidiary creek. 

No displacements were found preserved on law terraces on the 

north bank of the Matakitaki River, so they probably post-date the most 

recent faulting event. These terraces are less than 5 m above the 

river. A lateral rooraine preserved above this terrace sequence is dis

placed 150 ± 25 m right-laterally, based on interpretations of aerial 

photographs. Thick bush prevented measurement of vertical displace- . 

ments, although sane rock-wea.thering data were gathered for relative

absolute dating. 

Lake Rotoiti 

Lake Rotoi ti is one of two rooraine-daJmned lakes along the 

Alpine fault between the Matakitaki River and the wairau Valley. 

The Alpine fault crosses lateral and terminal rooraines at the northwest 

end of the lake. The hlstoty of late QuaternBlY faulting was studied 

by Adamson (1964). By matching moraine crestal profiles and cross

sectional shapes across the fault, she concluded that the youngest 

rooraine is displaced 46 ± 12 to 58 ± 9 m right-laterally and 3.6 ± 1.2 

to 4.6 ± 1. 5 m vertically I SE side up (Adamson, 1964; campbell, 1973). 

Similar offsets are preserved in alluvial fans northeast of the lake. 

A slightly older late otiran rooraine is displaced 67 ± 15 m right

laterally and 9.8 ± 4.6 m vertically. The ages of the moraines are 

not kncMn directly, so ages of 12 ka and 16 ka are assigned in keeping 

wi th the glacial chronology discussed in Chapter 2. 



waihopai River 

The waihopai River flows northeastward subparallel to and 

south of the wairau River, tuming nortlMard and joining the wairau 
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15 km west of Blenheim. A sequence of post-glacial stream terraces is 

preserved along this north-flowing lower section of the Waihopai, and 

they are crossed by two traces of the wairau section of the Alpine fault 

near the confluence of the two rivers (Figure A4). The traces were 

mapped by Lensen (1976), and his dfsplaceDEIlt data, as modified by 1982 

field work, are listed in Table Al. The oldest terrace is assumed by 

Lensen (1976) and Brown (1981) to be an aggradational surface of late

glacial age, and BrcMn maps lower terraces as younger post-glacial 

features. But Brown also offers evidence of early Holocene aggradation 

along the lower wairau and its tributaries due to local base-level 

changes caused by inland transgression of the riSing sea, so the "aggra

dation" terrace may substantially post~te the glacial maximum. 

When data fran the two fault traces are canbined, the oldest of 

three faulted terraces preserved on the east bank of the waihopai River 

is displaced 75 ± 10 m right-laterally and 3.8 ± 0.5 m vertically, 

SE side up. The intermediate and lowest terraces are displaced 53-58 

and 24 ± 6 m right-laterally and 1.5 ± 0.4 and 0.7 ± 0.3 m SE side 

up, respectively. Rock-weathering data were gathered for relative

absolute dating. No soils data are used fran this site, as the rela

tively low rainfall of ca. 650 I1DJl produces different soil genesis than 

at other si tea examined in this study and no calibrations of soil data 

were obtained for greywacke-derived soils of this climatic regime. 
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Figure A4. Waihopa1 River Faulted Terrace Sequence. The two 
traces of wairau Section Alpine fault are shown. Map can
piled fran aerial photographs, field studies, am data fran 
tensen (1976). 
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Grey River 

The Grey River is a south-flowing tributary of the Awatere 

River and is one of the largest streams that crosses the Awatere fault 

in the Awatere Valley. A sequence of faulted terraces is preserved 

on the northeast bank of the Grey River (Figure 12a). Lensen (1964b) 

napped the faulted terraces and addressed several ccmplicating factors 

at the site. 

Five terraces are preserved south of the fault, ranging fran 

3.7 m above the streambed to 30 m above it. Lensen (1964b) notes 

that the three ICMeSt terraces preserve progressively less vertical 

displacement with increasing age, which he interpreted as indicating 

a reversal of upthrcM direction in the latest Quaternary. 
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No abandoned channels are preserved at the site, so all lateral 

displacements are measured fran terrace risers. Riser offsets are 

readily measured for the two laESt terraces, but measurements of 

displacements for higher terraces are complicated by a local alluvial 

fan, gullying along the fault trace, and a bog on the secorxl terrace 

upstream fran the fault (Figure 12a). The upstream continuation of the 

riser above this terrace is projected across the fan into the fault 

to obtain the displacement value listed in Table A2. Rock-weathering 

and soil morphologic data were obtained to allow relative-absolute 

dating. 

Edwards-waiau Rivers 

The Edwards River flows southwestwards through a fault-line 

valley of the Clarence fault nearly fran its headwaters above Edwards 
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TABLE A2 

FAULT DISPLACEMENT DATA, AWATERE AND CLARENCE FAULTS 

Fault Site SUrface Feature Di~lacements 
Horizontal Vertical 

Awatere Grey River Ter. 2 Riser, tread 52±6 -l.7±O.5 
Ter. 3 Riser, tread l8.4±3.0 -1. 8±<>. 5 
Ter. 4 Riser, tread 8.5±3.0 -2.7±<>.5 

Clarence Waiau River Ter. 2 Riser, tread 87±8 2.0±<>.3 
Edwards River Scot ties Riser, tread 3.6±Q.5 O.5±<>.l 

camp Charmel 3.6±Q.5 
Clarence Riv. Moraine Crest 200.±40 3.0±<>.5 

Ter. le Riser, tread 68±2 O.4:tO.l 
Ter. 2e Riser l5±2 

Charmel l4±2 O.6±<>.2 
Ter. lw Riser, tread 5l±6 O.5±O.2 
Ter. 2w Riser, tread 37.7±2.0 1.3:tO.2 
Ter. 3w Riser, tread 21. 6±Q. 8 -1.8:tO.l 

Charmel l1.2:tO. 6 -1.7:tO.l 

NOTES: All displacement values in meters. Riser displacements are for 
crests. 



Pass to the waiau River. Terraces are preserved locally along the 

Edwards River, and sane of these are displaced by a trace of the 

Clarence fault. Terraces above the Waiau River 200 m upstream of the 

Edwards-waiau confluence also are displaced by this trace. 

This is the most remote site studied and is accessible only 

by a rough four-wheel-drive track that is washed out west of Scotties 

camp, a backcountry hut of St. James Station located alongside the 

Edwards River 3.5 kin upstream of the Waiau River. At Scotties camp 

a sequence of four terraces is crossed by a trace of the Clarence 
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fault (Figure AS), and the three older terraces preserve fault displace

ments. No reference lines are available on the oldest terrace and 

lateral displacement of the second terrace is uncertain due to gullying 

along the fault trace. Displacement measurements are recorded in 

Table A2 for the terrace on which the hut is built. L.imited rock

weathering and soil data were obtained for relative-absolute dating. 

Two terraces high above the east bank of the Waiau River are 

displaced by the Clarence fault, and a graben is developed across them. 

The higher terrace probably is an aggradation surface corresponding to 

the youngest glacial advance down the waiau River. Its horizontal 

displacement is uncertain due to a lack of reference features. The next 

lCMer terrace, perched high above the waiau River, is a degradation 

terrace. The riser to the aggradation surface is offset laterally 

87 ± 8 m and vertically 2.0 ± 0.3 m, NW side up, across the graben. 

Limi ted rock-weathering data were obtained. 



Figure A5. Scot ties camp and Edwards River Terraces from Air. 
Edwards River runs from right to left; view is to NW. 
Clarence fault displaces terraces in foreground. No fault 
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is present on young terrace west (left) of Edwards River, 
because this terrace probably post-dates most recent faulting 
event. 
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Clarence River 

Old, probably pre-late otiran glacial moraines and young p:JSt

glacial river terraces are preserved along the Clarence River where the 

south-flowing portion of the river crosses the Clarence fault near St. 

3ames Station. on the east bank a glacial moraine and two p:JSt"1Jlacial 

terraces are displaced by the fault and two younger terraces are not 

displaced, and on the west bank three stream terraces are displaced 

(Figure A6). Displacement measurements (Table A2) are fran Kieckhefer 

(197S), supplemented by field observations in 1982 and 1983-84. 

The site is not an ideal one for the relative-absolute dating 

teclmiques described in Chapter 2 due to recent soil erosion. The 

older, faulted terrace surfaces all are covered by thin loess caps, 

locally up to 1 m thick. Much of this loess has been stripped, possibly 

due to historical removal of grass cover by overgrazing, rabbits, 

and buming of native vegetation. Terrace surfaces now are a canbina

tion of tussock-supported soil JDOlD'lds and bare shallow hollows where 

loess ccmoonly is removed. In many instances there is more than 30 em 

relief between the hollows and the mounds. Rare surface cobbles are 

preserved in the tussock-covered areas but cobbles are ccmoon in the 

"blow-out" zones. These latter rocks generally were buried under 

loess for most of the terrace life-time and only recently exhumed. 

Thus, rock-weathering data are not highly reliable age indicators due 

to the gains to and losses fran terrace surfaces, yet they supply 

minimum age estimates at this site .. 
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N 

200m 

Figure A6. Clarence River West Bank Faulted Terrace Sequence. 
East bank terraces shown in Figure 13b. 
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Glynn wye Station 

Evidence for strike-slip faulting in New Zealand was first 

recognized by McKay (1890) at Glynn Wye Station, 35 kin west of Hanmer 

Spings following the 1888 earthquake. Three fence lines crossing the 

fault were offset up to 2.6 m. Thus the Glynn Wye site is of particular 

historical interest. 

Latest Quaternary fault displacements are preserved at several 

locations at Glynn Wye Station on both the Hope fault and the Kakapo 

fault, a subparallel branch soutl'H:!st of the main Hope fault. An 

extensive latest Quaternary aggradation surface is a daninant feature 

west of the Glynn wye haDestead (Figure 14a), and this terrace, a 

related terminal JOOraine, and early post-glacial degradational terraces 

of the Hope River cut into the upstream end of the moraine are displaced 

by a canplex zone of fault traces (Figures 14a and A7). Lateral dis

placements of these surfaces were measured in the field and fran aerial 

photographs. Vertical displacements across the canplex fault zone, 

marked by pressure ridges, sag ponds, and a broad graben west of the 

moraine, are variable and difficult to measure. 

The lateral displacement of the glacial moraine has been the 

subject of much discussion in the literature, SUllIIIarized by Hardy and 

Wellman (1984). Estimates range fran less than 147 m to more than 

450 m. Much of this confusion is caused by measuring the wrong fea

ture. The east face of the JOOraine, which is a gentle slope, is deposi

tional; a displacement of 348 ± 7 m was measured by Knuepfer and Bull 

in 1982 (Table AS). The steep west face of the moraine actually is a 

river-cut terrace riser, so it is much younger than the moraine itself. 
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Figure A7. Maps of Glyrm Wye Station Site, Hope Fault. 
a. Displaced late Otiran IOOraine and Glynn Wye graben. 

Figure 14b is a view northward along the riser fran 
Tl to the moraine. 

b. Manuka Stream terraces. Note the lack of a clear cor
relative of Tl on the south side of the fault. Both 
maps constructed fran aerial photographs and field 
studies. 
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TABLE A3 

FAULT DISPLACEMENT DATA 

HOPE, KAKAPO, KEKERENGt1, AND PORTERS PASS FAULTS 

Fault Site Surface Feature Di§l2lacement 
Horizontal Vertical 

Hope Glynn Wye, MJraine Terminus 348±7 
Hope River Terrace 1 Riser 26Oj:20 

Terrace 2 Riser 135±6 
Manuka Stream Terrace 2 Riser, tread 32.7±3.0 2.7±0.1 

Terrace 3 Riser 18.1±3.5 
Channel 25.4±2.0 

Hapuku River Terrace Margin of 12.6±<>.5 3.6±Q.l 
boulder bar 

Kakapo Glynn Wye, Aggradation Riser 105±15 
Kakapo Brook Terrace 1 Riser, tread 75±10 2.5±<>.1 

Terrace 2 Riser, tread 32±6 3.1±<>.1 
Terrace 3 Tread O.8±<>.1 
Terrace 4 Riser, tread 15±5 0.9±<>.1 

Kekerengu McLean Stream Terrace 4 Riser, tread 11.2±3.0 1.8±<>.1 
Terrace 5 Riser, tread 5.6±2.0 variable 

Porters Red Lakes Terrace 3 Riser, tread 15±4 3.0.±<>.3 
Pass Stream Terrace 4 Riser, tread 13±4 4.2±<>.5 

Terrace 5 Riser, tread 10.2±2.5 6.6±Q.5 

NOTES: All displacements in meters. Riser displacements measured at 
crest. 
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The terrace below it is the first degradation terrace below the broad 

aggradation surface, and the riser displacement is 260 ± 20 m. A 

second, lower terrace is displaced 135 ± 6 m; Apparently many previous 

workers had assumed that the western face was depositional, thus 

accounting for the lower displacement values saDetimes cited for the 

moraine. Rock-weathering and limited soil data were obtained fran the 

roraine and the second degradation terrace for relative-absolute dating. 

East of the Glyrm Wye hanestead three young terraces of Manuka 

Stream are displaced by the Hope fault (Figure A7). No offset charmels 

are preserved on the two higher terraces and the riser of the highest 

terrace is partly eroded on the south side of the fault, so no displace

ment can be determined. Displacements of Terraces 2 and 3 were measured 

in the field. The young Terrace 3 surface is largely degraded by the 

active floodplain of Manuka stream, and no vertical displacement could 

be determined, although the lateral displacement of the riser and a 

charmel were obtained. Rock-weathering data were gathered fran the 

tread of Terrace 2 and the preserved portions of the Terrace 3 tread. 

The Kakapo fault branches sout:lHm:l from the Hope fault east of 

Manuka Stream. About 2 km south of the Glyrm Wye moraine, a second 

latf!-1Jlacial moraine and a sequence of six terraces at Kakapo Brook are 

displaced by the Kakapo fault. Displacements of the highest (aggrada

tion?) terrace and the four highest degradtion terraces are included in 

Table A3. The terrace risers strike obliquely to the fault, and Riser 

3 is nearly parallel to it, so lateral displacements are uncertain. 

Rock-weathering data were obtained for only one of the terraces, but 



the aggradation and first degradation terraces probably are similar 

in age to those of the Hope River. 

Hapuku River 
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'l1le Hapuku River drains southward out of the SeaNard Kaikoura 

Range onto the northeast en:i of the Kaikoura Plain and is the last 

major river crossed 1::1;{ the Hope fault before it goes out to sea. A 

sequence of stream terraces on the west bank of the river was examined 

1::1;{ Bull, and he measured displacements across a coarse boulder bar that 

foms part of one terrace. The bar is displaced across three traces 

of the Hope fault that canprise a high fault scarp. The lateral dis

placement is 12.6 ± 0.5 m and the apparent vertical displacement is 

8.5 ± 0.3 m, NW side up (W. Bull, personal cammmication). Data for 

relative-absolute dating were obtained by Knuepfer. 

McLean Stream 

McLean stream is a small, southeast-draining tributary of the 

west-flowing portion of the Clarence River that is controlled 1::1;{ the 

Kekerengu fault. Five terraces on the west bank of McLean Stream are 

displaced by the Kekerengu fault, and the ymmgest, sixth terrace is 

unfaul ted. Displacements of the three oldest terraces are obscured by 

a young fan that partly buries them on the upstream, upthrown side of 

the fault. Displacements of Terraces 4 and 5 were measured and are 

listed in Table A3. Rock-weathering data were gathered fran these 

terraces, which are about 9 and 6 m, respectively, above the lowest 

terrace. The rock-weathering data may be contaminated by deposition 

fran the channel draining the fan that covers Terraces 1 through 3. 



Red Lakes stream 

Red Lakes Stream (informal name) is a small stream draining 

southward fran the Red Lakes about 2.5 kin northeast of the southeast 

corner of Lake Coleridge. A sequence of eight terraces, including an 

outwash surface, is preserved on the west bank of the stream (Figure 
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AS) . The sequence is displaced by the Porters Pass fault, am only six 

terrace treads are preserved south of the fault trace. Risers between 

terraces strike obliquely and nearly parallel to the fault, so displace

ments are difficult to measure. If terrace remnants are matched across 

the fault starting fran the top of the sequence, two of the three lowest 

terraces cannot be correlated. The displacements obtained using this 

scenario, listed in Table A3, indicate decreasing lateral displacement 

but increasing vertical displacement with decreasing age. If terrace 

remnants are matched by starting at the stream and going upoards through 

the sequence, vertical displacements are small but apparent right

lateral displacements decrease fran 72 ± 8 m for Terrace 7 to 15 ± 4 m 

for Terrace 3. This is a very unlikely result, and the first scenario 

is better because of continuity of the higher terraces across the fault 

(Figure AS). Rock-weathering data for relative-absolute dating were 

obtained fran Terraces 3 and 5. 
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Figure AB. Map of Red Lakes Stream Site. The numbering of 
terraces prestnneS that top terraces match across the taul t 
and that Terraces 7 and 8 are present only on upstream 
(upthrown) side of fault. Map fran aerial photographs and 
field interpretations. 
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APPENDIX B 

WEATHERING-RIND CALIBRATION DATA 

Eighteen sites have been used as calibration points for the 

rind thickness vs. time relationships developed in Chapter 2. Many 

of these sites are discussed by Chinn (1981), so only sites added 

by Whitehouse and others (in press) and in this study are considered 

here. First, however, the techniques that are used in field collection, 

rind measurement, and data analysis are SUJllJlarizeci. 

Collection of Weathering Rinds 

Weathering rinds are measured fran fresh faces of rock chips 

broken either fran greywacke cobbles at the grouIX1 surface or fran 

subsurface cobbles at 50 em depth. Field collection involves breaking 

rocks open with a sledge hanmer until a fresh, unjointed rock face 

that includes the surface of the cobble is obtained. This takes fran 

one or two hammer blows to as many as 20 for particularly stubborn 

rocks not wishing to have their life spans shortened. 

To use a particular rock chip, several criteria must be met. 

1) The rock is a medium-grained graywacke sandstone, with no higher 

metamorphism than prehn! te-pumpellyi te facies. 2) For surface cobbles, 

the rock has been at the ground surface for the entire time since fonna

tion of the geanorphic surface, or at least a substantial proportion 

thereof. For subsurface cobbles, the rock has been buried at approxi

mately the same depth since fonnation of the geanorphic surface. 
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Gains and losses at the surface have been minimal. 3) For surface 

rocks, the rock chip is fran that portion of the rock that was above 

ground, not buried in the soil A horizon. 4) The rock chip includes 

the original rock surface, not sane surface formed by shattering along 

joints by such processes as frost action. 5) The thickest part of the 

rind that meets the above criteria is used. The exception is that 

sharp comers are avoided, as rinds are thicker at comers due to the 

greater ratio of surface area to volume involved in the weathering. 
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Only one chip is chosen fran each rock, although many chips 

may be obtained before the above criteria are met. At least thirty 

samples are obtained fran ~ geanorphic surface, although for older 

surfaces 100 or JOOre samples may be required to help define rind modes. 

All rocks sampled are from a single geanorphic surface, preferably 

away fran its edges where add! tions fran older deposits or ~ing 

of the surface may expose rocks with residence times different fran 

the age of the surface. 

Rind thicknesses are measured in direct sunlight using a lOx 

canpari tor with markings to 0.1 11ID. Thickness is measured fran the rock 

surface to the inside edge of the white weathering rind (Figure 30). 

In addition to the whitish rind, a red-brown to dark brown-black inner 

rind is present in sane rocks, and in many rocks a shallower, red outer 

layer also is found. The white rind is present in all the greywacke 

cobbles examined. The inner edge of the white rind is extremely sharp 

in many rocks, particularly when rinds are less than about 3 nun thick. 

In these cases rinds can be measured with a precision of 0.1 nun. In 

other cases, especially aJOOng rocks with rinds thicker than about 5 nun, 
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the irmer edge of the rind is diffuse am can be measured with no 

greater precision than 0.5 DID. The sharpness of the inner edge CUWlQ{uy 

is intenoediate, am the measurement precision is 0.2 DIJl. To assist in 

the actual measurements, the inner edge of the rind first is marked by 

pencil, then the pencil line itself is measured. Direct sunlight is 

chosen for the measurements becuase the appearance of rirXls, particu

larly diffuse ones, varies with lighting conditions, and sunlight is 

the JOOSt consistent form of lighting available. This also allows for 

field measurement of the weathering rinds. 

One concern in the measurement of weathering rinds is the 

presence of inherited rinds, a situation in which rocks on a geaoorphic 

surface may already have had weathering rinds when they were deposited. 

This problem is potentially serious for degradational stream terraces, 

where sane or all of the deposit may be reworked fram older Quaternary 

sediments. Examinations of cobbles from three floodplains, at the 

Buller River, Branch River, am Charwell River, indicate that less than 

5% of the rocks preserve inherited rinds. The cobbles deposited by JOOSt 

New Zealam rivers am streams have undergone substantial abrasion am 

are well-rcnmded, so few pre-existing weathering rinds survive the 

processes of transportation and depoei tion. 

The chemical processes involved in the developnent of weathering 

rinds fran Torlesse greywacke cobbles have not been considered in 

detail. Unpublished X-ray diffraction studies of thin sections cut 

across rinds into umieathered rock did not disclose aTrI systematic 

differences between the clay mineralogy of the white rind fran that of 

the tmWeathered rock (G. Howard, personal camnmication). The white 



rim may be formed by thin grain coatings of hydrated or aJOOrphous 

clay minerals produced by hydrolysis of mafic minerals and feldspars, 

as suggested by Colman (1982) for rinds in basalts and andesi tea. 'l1le 

dark inner rind probably is a canbination of iron and manganese oxides 

(Whitehouse and others, in press). A detailed investigation of the 

nature of the weathering rirXIs is beyord the scope of the pxesent 

study. 

Analysis of Weathering-Rind Data 
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Frequency histograms are constructed of the weathering-rind data 

to examine data distribution. MJst of the distributions do not fit 

simple statistical models: mu1 timodal distributions are caliOOfl, partic

ularly from older geanorphic surfaces. Because of the non-normal dis

tribution of data and the non-randan field sampling teclmiques, rind 

mean may not be the best characterization of the average rind thick

ness. Rather, a modal value JOOre accurately reflects the "true" average 

thickness, and it is less affected by variations in grain size and the 

inclusion of rinds fanned after events such as frost shattering, 

exfoliation, or other physical weathering processes. The thickest 

significant modal rind thiclmess is identified, and the mean also is 

canputed. 

It is recognized that the ability to assign an individual 

measurement to one particular 0.2 rmn or 0.5 nun thickness class can vary 

with the shaxpuess of the rind inner edge. Coomanly, adjacent size 

classes also may describe the rind thickness. Thus the rind-count 

histograms are SJOOOthed by ccsnputing weighted three-point running 
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means. It is assumed here that mea.sureDelt values adjacent to the 

chosen rind thickness are likely alternatives, but the chosen value is 

the most likely. A weighting ratio of 0.25:0.50:0.25 for the adjacent: 

preferred: adjacent thicknesses has been chosen for the present study. 

The sensitivity of the rind data to factors other than time is 

discussed in Chapter 2. Multiple l'egI'E:ssion analyses were used to 

assess effects of climate on rim growth. Results of analyses yielding 

the most significant correlations are presented in Tables B1 and B2. 

calibration Sites 

Chinn (1981) presented weathering-rind calibration data fran 

ten sites: two moraines and a rock avalanche fran Cameron Valley, two 

rock avalanches fran Macaulay Valley, and rock avalanches fran Casey 

Stream, South Ashburton River, Otira Gorge, Acheron River, and Clyde 

River (Figure 31). Mlitehouse and others (in press) added data fran 

moraines at ArtlnlI'S Pass, waimakiriri River, and Lake Rotoiti, and fran 

an outwash aggradation terrace fran Buller River. In this study addi

tional calibration points are added fran rock avalanches at Hope River 

Bridge and Lake Chalice, a moraine at the Old Rainbow Station hanestead, 

and a ymmg alluvial fan at the Charwell River. Rind-ccnmt histograms 

and smoothed rind distributions are included in the following pages 

for all 18 sites. The last four sites and the Buller River aggradation 

terrace also are discussed in the following paragraphs. 

Buller River (Speargrass) Aggradation Terrace 

Weathering rinds were collected at two locations from a prani

nent outwash aggradation terrace of the Buller River a few !on downstream 



fran Lake Rotoiti. SUggate (1965) argued that this outwash terrace, 

the Speargrass SUrface, predates the final advance of glaciers at Lake 

Rotoiti. He obained a radiocarbon data of 16,600 ± 390 fran deposits 

20 m below the terrace surface. The terrace thus is younger than 

16.6 ka, a conclusion in contrast with SUggate's interpretation. An 

age of 14 ka was assigned as described in Chapter 2. Large boulders 

and cobbles were sampled fran this surface, and it is very likely 

that these rocks have been lmdisturbed since deposition. 

Hope River Bridge Lamslide 

A small landslide or rock avalanche deposit is preserved on 
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a low terrace of the Hope River at Glynn Wye Station. The slide, which 

is visible in Figure lSa, originated in terrace deposits and underlying 

sheared greywacke sane 100 m above the Hope River. HuJunocky topography 

and numerous large boulders and cobbles are preserved on the surface of 

the deposit. A radiocarbon age of 850 ± 50 (NZ-39) was obtained fran 

materials in this deposit (Grant-Taylor and Rafter, 1963) and closely 

dates the age of the landslide event. 

Lake Chalice Landslide 

A large rock avalanche dams the upper reaches of the Gaul ter 

River north of the Nairau Valley and fonne Lake Chalice, shown on the 

May 1981 cover of Geology magazine. on the lake bottan lQ-m-high trees 

that were clrowned when the lake was formed are preserved (:J. Adams, 

1981) . Radiocarbon dates of 2170 ± 70 and 2160 ± 80, in calendric 

years, were obtained from these trees and closely date the landslide 

episode. These dates were corrected by the New ZealarXl radiocarbon 
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laboratory using a different correction than that used in this study, 

and uncorrected dates are not available. The difference between that 

correction teclm1que and the one used here probably is small so the 

date is canpatible with the other corrected dates listed in Table 4. 

The source rocks for the Lake Chalice landslide are weakly-foliated 

chlori te schists, so the degree of metamorphism is higher than at other 

calibration sites. Numerous large boulders project through the beech 

forest that has grown on the deposit, and rirds were sampled fran these 

rocks amidst a rain storm that helped to obscure the rirds as quickly 

as they were obtained fran the rocks. They were, of course, measured 

in sunlight only later when they, and we, had dried off. The data 

from this site fit remarkably well with other weathering-rind calibra

tion data (Figures 33 and 34), suggesting a low sensitivity of W*1ther

ing rates to the mineralogic variations between these low-grade schists 

and the graywacke of the other calibration sites. 

Old Rainbow Station Hanestead Moraine 

A remnant of a late-glacial terminal moraine occupies half of 

the upper wairau Valley about 1 kin north of the old Rainbow Station 

hanestead. This site is about 25 kin south of the Alpine fault. Scat

tered surface cobbles were found on this moraine, and only a limited 

collection of rinds was I=OSSible. The source rocks for this moraine 

are at the noI'theastem limit of Triassic Torlesse greywackes, with 

rocks of the Esk Head Melange occupying the uw:runtains east of the 

upper wairau River (cf. Figure 4: M. Johnston, personal camnmication). 

Thus these rocks are expected to be mineralogically similar to the 



calibration sites of Chinn (1981). The age of the IOOraine is sanewhat 

tmeertain. Suggate (1965) assigned it to an advance culminating at 

18 ka, citind sane small moraines in the headwaters of the wairau 

and Rainbc:M Rivers as the youngest late-glacial features. However, 

these headwaters IOOraines probably are Holocene (I. Whitehouse and 
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M. McSaveney, personal commmications), so the Old Rainl:xJw IOOraine here 

is interpreted as late glacial and given an age as young as 12 ka. 

Charwell Fan 

A small young alluvial fan on the first degradation terrace at 

the Hope Springs Eternal site preserves disseminated charcoal in a 

surficial horizon and a buried deposit. The buried deposit was dated at 

840 ± 60 (A-3536). A weak soil profile is developed above this dated 

horizon. However the dated horizon "daylights" just dcMnstream and 

small surface cobbles were obtained from this portion of the fan sur

face. Thus the radiocarbon sample dates the surface fran which weather

ing rinds were obtained. The rocks at this site are from Cretaceous 

Torlesse graywacke. The close agreement of weathering-rind data fran 

this site with the calibration data from Triassic Torlesse is suggestive 

that the systematic petrologic differences between older and younger 

Torlesse (Mackinnon, 1983) are unimportant in rock weathering rates. 



Age 
II;)g Age 
Mode 
II;)g Mode 
Mean 
II;)g Mean 
Altitude 
II;)g Al ti tude 

TABLE B1 

CORRELATION MATRIX FRCftt REGRESSION ANALYSIS OF WEATHERING RINDS 

CORRELATION COEFFICIENT (SIGNIFICAM::E LEVEL) 
Mode II;)g M:)de Mean Log Mean Altitude Log Altitude Precip1taticm 

0.978 (0.00) 0.864 (0.00) 0.912 (0.00) 0.486 (0.04) -0.182 (0.52) 
0.922 (0.00) 0.988 (0.00) 0.884 (0.00) 0.614 (0.00) -0.222 (0.62) 

-0.232 (0.64) 
-0.282 (0.26) 
-0.183 (0.53) 
-0.541 (0.02) 

-0.145 (0.e7) 
-0.168 (0.51) 
-0.186 (0.53) 
-0.223 (0.62) 
-0.129 (0.61) 
-0.543 (0.02) 

-0.186 (0.53) 
-0.032 (0.90) 
-0.159 (0.53) 
-0.044 (0.86) 
-0.132 (0.61) 
-0.184 (0.53) 
0.461 (0.05) 
0.489 (0.04) 

Log Ppt. 

-0.185 (0.53) 
-0.054 (0.82) 
-0.164 (0.52) 
-0.079 (0.75) 
-0.136 (0.60) 
-0.239 (0.66) 
0.596 (0.01) 
0.618 (0.01) 

CAl 
m 
CAl 
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TABLE B2 

KJLTIPLE REGRESSION RESULTS 

Dependent Independent ~ Independent ~ Independent ~ 
Variable Variable 1 Variable 2 Variable 3 

MJde Altitude 0.508 Precip. 0.813 
Log MJde Altitude 0.251 Log ppt. 0.660 

Altitude 0.248 Precip. 0.701 
Mean Log Alt. 0.772 Precip. 0.758 

Log Mean Log Alt. 0.032 Log ppt. 0.583 
Log Alt. 0.028 Precip. 0.672 
Altitude 0.034 Log ppt. 0.642 
Altitude 0.029 Precip. 0.735 

MJde 0.000 Log Alt. 0.222 Log PPt. 0.264 
Age MJde 0.000 Log Alt. 0.279 Precip. 0.317 

MJde 0.000 Altitude 0.162 Log ppt. 0.221 
M:xie 0.000 Altitude 0.216 Precip. 0.287 

Wg MDde 0.000 Log Alt. 0.232 Log ppt. 0.149 
Log toode 0.000 Log Alt. 0.275 Precip. 0.127 

Log MDde 0.000 Altitude 0.188 Log PPt. 0.130 
Log MXle 0.000 Altitude 0.234 Precip. 0.117 

Mean 0.000 Altitude 0.810 Log PPt. 0.563 
Log Mean 0.038 Log Alt. 0.325 Log PPt. 0.595 
Log Mean 0.055 Altitude 0.514 Precip. 0.510 
Log Mean 0.053 Altitude 0.517 Log PPt. 0.518 

Log Age M=lde 0.000 Log Alt. 0.507 Log PPt. 0.240 
MJde 0.000 Log Alt. 0.563 Precip. 0.202 
M:Jde 0.000 Altitude 0.563 Log PPt. 0.218 
M=lde 0.000 Altitude 0.517 Precip. 0.190 

Log MXle 0.000 Log Alt. 0.225 Log ppt. 0.757 
Log MJde 0.000 Log Alt. 0.182 Precip. 0.680 
Log M:xie 0.000 Altitude 0.157 Log PPt. 0.694 
Log MDde 0.000 Altitude 0.130 Precip. 0.646 

Mean 0.000 Log Alt. 0.333 Log PPt. 0.309 
Mean 0.000 Log Alt. 0.620 Precip. 0.303 
Mean 0.000 Altitude 0.319 Log PPt. 0.307 
Mean 0.000 Altitude 0.630 Precip. 0.306 

Log Mean 0.009 Log Alt. 0.588 Log ppt. 0.889 

NOTES: Sign. refers to significance level from T-test. Significance 
of 0.000 is highest, 0.999 is lowest. Only most highly 
significant results are recorded, with additional representa-
tive results from low-significance analyses. 
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Figure B1. Weathering-R1n:i calibration Data, Buller River Speargrass 
SUrface. Bars are m:anber of samples, line is % total sample smoothed 
according to procedures described in Appendix B. Dot shews rind DJde. 
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Figure B2. Weathering-Rioo calibration Data, Old R.ainbaN Hcm:!stead 
M:>raine. Explanation as for Figure Bl. 
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Figure B3. Weathering-Rim calibration Data, Lake Rotoiti Moraine. 
Explanation as for Figure B1. 
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Figure 84. Weathering-Rind calibration Data, wa1ma1d.riri River Poulter 
MJra1ne. E3planation as for Figure B1. 
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Figure 85. Weathering-Rind calibration Data, cameron Valley Wildman 
Moraine. Explanation as for Figure B1. 
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APPENDIX C 

WEATHERING-RIND DATA 

This appendix contains caupilations of smoothed weathering

rirxi data for fault study sites in the Marlborough region. only the 

smoothed rind disributicms are provided here. Rind collection and 

analysis follows the procedures described in Appendix B. Data are 

provided for surface rocks fran terraces of the Maruia River, Branch 

River, Waihopai River, Grey River, Edwards and Haiau Rivers, Clarence 

River, Glynn Wye Station, Charwell Rival', Hapuku River, McLean Stream, 

and Red Lakes Stream. Data fran the saxton River are included in 

Chapter 2. These rind data provide part of the basis for age estimates 

in Chapter 2. 
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APPENDIX D 

SOIL MJRPHOLOGY DATA 

This apperXlix canprises data on the morphologies of soils 

studied in the Westland and Marlborough regions, including published 

data fran Franz :Josef, Reef ton, and Ben Ohau used as calibration. 

SUmmaries of field descriptions are presented in tabular form, fo11owing 

notational conventions principally from the Soil Survey Staff (1975) and 

new U.S.D.A. nanenclature summarized by Birkeland (1984). These data 

canprise Table Dl, with notation summarized in Table D2. The data then 

are used to compute Profile Developnent Indices, using a roodification 

of the procedures of Harden (1982) and Harden and Taylor (1983). The 

procedures for computation of the irrlex are SUJIIIlarized in the fo11owing 

paragraphs • 

Profile Develoanent Index 

Calculation of the Profile Developnent Index involves six steps 

(Harden, 1982; Birkeland, in press): 1) characterize the parent mate

rial; 2) assign J;X>ints for changes in a morphologic property in a soil 

horizon fran the parent material; 3) normalize J;X>ints by dividing by 

the total J;X>ints };X>Ssible for that property; 4) sum a11 the normalized 

values for a horizon and divide by the number of properties; 5) multiply 

by horizon thickness to obtain the Soil Horizon Index; 6) sum each 

Soil Horizon Index for a particular soil profile to obtain the Profile 

Developnent Index. The normalization of an irxUvidual property is 
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weighted by Harden (1982) to unify them by assigning canparable weights 

to properties that change at canparable rates. Ideally this weighting 

reflects genetic characteristics of the soils being studied. 

Characterization of the parent material requires identification 

of unweathered terrace depoei ts, 1;:ill, or loess. For the present study 

a single parent material is defined for a terrace sequence, generally 

fran the deepest part of the youngest stream terrace, if all terraces 

are developed by the same depositional processes by the same drainage 

system. Properties of the parent materials are stmmarized in Table D3. 

Thirteen field properties of soils were considered, most defined 

by Harden (1982). The choice of which properties to use is dependent 

on available data fran field descriptions and on the general character 

of soil genesis in the region of interest. To sane extent the choice 

of properties dictates the success of the index in differentiating 

different levels of soil development. 

Rubification is the increase in reddening of a soil horizon and 

is defined by Harden (1982) as the shift in hue toward redder colors 

(eg. fran 2. 5Y to 10YR to 7. 5YR on a color chart) plus the shift in 

chrana toward brighter colors. A Japanese color chart was used in the 

field in this study, and the colors are the same as those from the more 

coomonly-used Munsell Soil Color Chart. Each increase in hue or chroma 

is assigned 10 points and both moist and dry colors are used when 

available. Total points are a function of the color of the parent 

material and whether or not both moist and dry colors are measured. 

Color paling is the opposite of rubification and involves decreases in 

hue and chrana. This color change is a function of increased gleying in 
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New Zealand soils, although it can be caused by increased calcium 

carbonate in semi-arid ard arid soils (Harden and Taylor, 1983). Again, 

10 points are assigned for each lCMering in hue or chrana and both lOOist 

and dry colors are used. Total points are depeOOent on parent material 

color, as for rubification. Melanization or soil darkening and leucini

zation or soil lightening also are opposite processes. Melanization 

involves the darkening due to increasing organic material in soils, and 

it generally is limited to the soil A horizon. In spodosols the organic 

matter may be translocated deeper into the soil in aJOOrphous caupc:nmds, 

so for this study soil darkening is assigned points throughout the 

profile. Points are assigned for each decrease (melanization) or 

increase (leucinization) in color value fran parent material. Point 

assignments and totals again are dependent on parent material. 

Changes in soil texture, pebble coatings, clay films, and con

sistence in most soils reflect increased clay content in a soil horizon 

(Harden, 1982). Total texture combines the field textural designation 

wi th wet consistence. Ten points are assigned for each change toward 

clay on a textural ternary diagram (Soil Survey Staff, 1915), for each 

increase in stickiness fran non-sticky to slightly sticky, etc., and 

for each increase in plasticity. Total possible points are 90 if the 

parent material is a sand that is non-sticky and non-plastic. Coatings, 

probably bound by clay, develop on cobbles in New Zealand, especially 

yellow-brown earths, with time. Ten points are assigned to each 

increase in thickness or continuity of cobble coatings, and a total 

of 50 points is possible. Development of clay films is assigned points 

for three classes, including aburx:lance (up to 50 points), thickness 
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(up to 30 points), and location (up to 30 points, from bridges between 

grains to pore coverings to clay films on ped faces). The developnent 

of clay films is less ccmoon in the New Zealand soils studied than 

many of the other properties. Points are assigned for soil structure 

depending on increase in grade of developnent and type of structure 

(10 points for crmnb or granular, 20 for subangular or angular blocky, 

30 for prismati~, and 40 for columnar structure). Dry and moist consis

tence are considered separately. In general urMeathered parent material 

is loose, so five increases are possible in both dry and moist consis

tence. Fifty points are possible in each category, but values are 

normalized to 100 because these properties change more rapidly in 

JOOSt soils than JOOSt other morphologic properties (Harden, 1982). 

Harden (1982) used pH increase as the final index parameter. 

This is changed to pH decrease in the present study, as the pH changes 

that occur with increasing developnent of the New Zealand soils consis

tentlyare increases in soil acidity due to leaching of base metals 

and addi tiona of organic acids. Total points in pH change are assigned 

based on the extremes in pH values found in a chronosequence. 

~ index properties not used by Harden (1982) or Harden and 

Taylor (1983) have been used in the present study, mostly for the soils 

fran the super-humid West Coast: degree of cobble weathering and soil 

mottling. Wi th increasing soil age schist and greywacke cobbles are 

increasingly weathered to increasing depths in West Coast soils. 

Extreme weathering implies that most to all cobbles are completely 

weathered, and only the outline of cobbles may remain. Lesser degzees 

range fran none to slight to moderate to high weathering. Ten points 
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are assigned for each category change up to a total of 40 points. 

M:>ttling involves the developnent within a soil horizon of blocks of 

different color and possibly texture fran the majority of the material 

canprising that horizon. Points are assigned for increases in abundance 

and degree of developnent or how clearly mottles can be distinguished. 

A total of 60 points is possible. 

Mlst of these point schemes were defined by Harden (1982) for 

soils in CcLlifomia. Each property was examined as a function of time, 

given a large data base from a chronosequence that covers the entire 

Quaternary. Weighting of the point schemes may not be appropriate for 

soils formed only during the last 20 ka in New Zealand-a wetter climate 

and a shorter time span. However, insufficient data were available for 

the New Zealand soils to redefine the index weightings. Instead, 

Harden's scheme was used and modified only slightly. The resulting 

index values may be less sensitive to the kinds of changes occurring 

in New Zealand soils than if the weighting scheme were canpletely 

redesigned . 

The index properties are assigned for each soil in Table 04. 

The total possible points for categories also are indicated in this 

table for each soil chronosequence. 

The Profile Developnent Indices of different soils can be 

canpared in several ways. The index totals can be canpared directly. 

Birkeland (in press) points out that this approach places l.ln:lue weight

ing on soils that are described to greater depth than others. Harden 

and Taylor (1983) propose that the P.D.I. be divided by the depth of 

the profile, producing a weighted soil profile index. Birkeland (1984) 
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proposes that the thiclmess of the lowest horizon in all but the thick

est soil in a local soil sequence be artificially increased so that 

all profiles have the same thickness. The latter approach requires 

the assumption that the properties of the lowest described horizon 

extend to the depth of the reference profile / which may not be true. 

Birkeland (in press) finds a better correlation between the weighted 

soil profile iOOex and soil age than for the constant~th iOOex 

and age. All three approaches have their limitations, but examina-

tion of the New Zealand data indicate that the Profile Developnent 

Index and the Weighted Profile Index are the most useful approaches 

to using the morphologic data for examining time dependence. Both 

are used here / but the PDI is preferred as it yields more consistent 

time-dependent changes. 



TABLE D1 

FIELD DESCRIPTION DATA FR(It! SOILS 

SOIL IDUzaf '1'ElmlIIP! aJlSIS'%EIa OOUJI snIIX:'11JRI! !XlATIIIiS a.AY nIH IfJmZS II20SilIIIIFSii W!.mI!RIlIO I711II!R 
mY M)IST W!T mY W!T nucx CONT 

OIcarJto Ahl sJ cl f1 &S.ap 51/R4/2 1 f cr 4.0 CXI!lPlete 
Ah2 aJ cl f1 s.ap IOYRJ/4 1 f cr 4.2 thorough 
Er al vfJ SB.ap 585/1 2 c pr few 4.1 thorcugh 8CIIlI! 

CDrICt'I!tJcno 
2Bsl gr sl fJ 1.5YR!!/4 2 c pr many fJM &.0 Strong. sch1st 
2Bs2 gr Is vfi 2. 51IR4/8. IOYRJ/3. II abundant 5.1 IllCiderate. ot 

BId "4/0 coarse achJsta 
\o/aIII:at JIb aJ cl f1 SB.ap 511R3/2 1 II cr 4.0 thorough 

Br all fJ s.ap "5/0 1 f ablt few 4.6 strong. schJat 
Bsm ael ef - H2/0. 2.511R3/6 II med 4.8 iron pon 
28r scI fJ s.p 1011R4" 1 .. sblt med cant abundant 5.2 moderate 

~ Ahl "J cl fJ s.ap IOYRJ/2 3 f cr 4.5 moderate 
Track Ah2 III fr ss.po lOYRJ/3 II 4.1 IllCiderate 

Cl"ll grs fr so.po "4/0 sg few faJnt 5.1 - alJght. schJat 
Cl"12 all f1 ss.po H4/0 II 5.3 • urN!athere:l 
Cl"13 grll fr so. po H4/0 sg 5.S • urN!athere:l 

Cl"2 gra fJ so.po SYS/l sg 6.0 urN!atbered 
Peters JIb II 10 1.S1/R4/2 1 f cr 5.1 aUl/ht 

Pool Cl gra 10 NS/O sg few dJffuse S.6 UIN!athere:l 
C2 grs 10 H5/0 sg 6.6 urN!athered 

CII<uru JIb grs ao-sh as. po 1011R4/2 IOYRJ/2 1 f cr 4.0 IItrong. tlChlst 
Bt?1 gr 111 sh-h as.po 101/R4/3 IOYRJ/3 1-2 f sblt thin dJsc 4.6 IItrong. achJst 
Bt?2 gr Is h-sh as.po 1011R4/3 IOYRJ/2 1-2 II "bit thin cant S.5 IllCiderate 
~ grs sh-h so. Po 1011R5/3 101lR3/2 1 f .... sbIt thin dJsc 6.S sUght. schJat 

CaK1 grs sh so.po 2.5Y5/2. IOYRJ/2 II 6.6 IIUght. schJst 
1011R6/3 

00x2 grll I ah so.po II 6.8 IIUght. achtat prall. Fe blum 
CU grs . ah-s> so.po 2.SY6/1 2.5Y4/1 sg 1.0 UIN!atbered 

Reeftcn 
~ A all vfr 1. 51IR4/4 2l1gr&cr 4.6 
SUrface AS al -;- vfr 1. 51/R4/4. 2 f-II gr. 4.1 

10'iR5/8 2 f-II cr 
821 al vfr 10'IR6/8 2 m-c gr-cr 4.9 
822 sl vfr 10YR7/8 Ifcrto 5.2 

1 II able 
B3 s1 vfr 91/R6/6 1 II sble 5.1 

Cll Is fJ 91/R5/6 1 II sblt 5.1 
C12 sgr 10 3.5Y5/6 II 1i.0 few atones ......un 

~ 
0 
Cal 



TABLE Dl--COntinued 

SOIL fDUZOO 'IEXlURE aJ5ISl'ENCE COLOR S'IRlX:'l'tIRI! CXlATlNGS CLAY PIU4 tmTU!S H2O PI HaP PI W!A11II!RIIIl OIlIER 
DRY HJIsr WET r.R'{ WET 'DIICIt mn' 

(Reef ton) 
10 A sl vfr 8.5YR3/4 2 II gr, f cr 4.7 

SUrface B21 sl vfr 7.5YR5/6 2-3 gr, C.9 
1 m sbl<: 

B22 Is vfr l0YR5n 1 f-m sbl<: !!.3 
Cll grs 10 lY4/C .. 5.2 fef stones 
C12 sgr 10 NB, 2.5Y3/2 to 5,2 fef stones 

Iy A sil vfr lOYR4/3, Ifsbl<:&cr C.5 
SUrface 10YR2/3 

AS sil fr 10YR4/4 2 m sbl<: 4.9 
B2 sl fr l0YR5/C 1 f-m 5b1<: Ii.l 
B3 I .. fr 10YR5/5 0-1 m 5b1<: 5.1 fef mica flake1 

C sgr 10 lOYR4/4 m 1i.2 many stones 
110 All sl fr 10YR3/4 Ifgre&cr C.2 

SUrface A12 Is fr 7.5YR4/3 2 f sbl<: C.5 fef stones 
C sgr 10 7.!IYR8!1. 5Y1i/l - m 5.C ioany st..,.". 

~ All sl cl fr BB,p 10YR3/2° 10YR3/3 1-2 m cr & sbI<: - C.O thorough 
AS 51 cl fr-f1 BS,p 10YR3/4° 7/5YR3/3 211sblt thin cent C.O thorough 

Bel scI U-fr s,sp lOYR4/3° 2.5Y3/3 2m5b1t thin cant 1 n br 5.0 thorough 
892 sl fr ss,sp 10YR5/6 10YR5/6 2-3 m 5b1<: Ired cent 1-2 n-mI< abundant 6.5 a~, schist 

pt, br 
abundant EM sl gr sh ss,sp 7.5Y5/2 5Y5/C 2 II pr thin disc 1 n br 7.0 IDOderate 

Coxl 51 gr sh 59 ,po 5Y6/3 5YS/3 1 .. shit few th disc 7.0 slight 
Ccot2, Is sh-h 59,po 5Y5/2 IiYS/2 1 f 5b1t-m few th disc 7.3 
Cox3 

~ All 51 fr ss,sp 7.5YR3/Co 10YR5/3 1 f cr C.3 s~ 
Btl scI fr ss,sp lOYR4/6° 1OYR4/6 1 f cr-sbl<: 1 n br C.7 stra>g 
Bt2 scI fr ss,p 10YR5/6° 10YR5/8 1-2 f 5b1<: thin cent 1 n br 6.0 strong 

Bw scI, c:a fr 59,sp lOYR4/4· lOYR4/6 1 t sbl<: thin cent 1 n br 6.7 moderate 
Coxl sl tr as ,po 2.5Y4/3· 2.5Y4/3 .. thin cent 6.0 moderate 
Cox2 gr B. Is -' U so,po 2.5Y4/4° 2.5Y4/C m few th disc 6.5 moderate fef lrcn tmm 
Cox3 grs f1 so,po 2.5Y4/3· 2.5Y4/C m 7.0 slight 

~ All 51 fr so ,po 10YR3/3· 10YR3/3 1 f cr C.2 
AS sl gr fr BO,sp l0YR3/C· 10YR3/4 "II, 1 f cr 1i.0 alight 
EM gr sl fr so,po lOYR4/3· lOYR4/3 "II thin disc vfnbr 6.0 slight 

Cox1 gr sl fr so,po lOYR4/4° lOYR4/3 "II thin disc 6.8 
Cox2 grs,ls fr so,po 10YR4/4· lOYR4/3 "II v thin disc 6.7 

Toaroha All sl s sh - ss/so,sp/po lOYR6/1 10YR3/2 1 f cr 5.7 
AC grs t-fr so,po 2.5Y6/2 2.5Y412 1 .. sbl<: 6.1 alight 
cu sgr 10 so,po 

Buller 
2.5Y5/1 2.5Y4/1 "II 6.1 

Ter. 1 All ail fr ss,sp 10YR5/3 10YR2/3 1 f-m cr C.!! pink 
AS sl a1 vfr ss,sp 10YR5/3 2.5Y3/3 1 t cr C.5 pink 
EM gr 51 sh ss,sp 10YR5/C 10YR5/C 2 ID cr, thin disc Ii.!! pink 

1 f abl<: 
Bt grsll sh-b BS,sp 10YR!1/6 10YR!1/C 1-2 f_ abl<: thin cent 6.0 pals I81Mt 

Cox agr h "",po 10YR5.5/C 10YR2/2 "II thin disc 6.0 pink 

.. 
0 .. 



TABLE Dl--COntinued 

SOIL lUUZl»l '1'EXltIRI!! COISISTEIa 0ClWR S'lflIl:'IURE roAT llIOS CLAY PII.M M1I'l'LI!S 1I2O(il1la!'(il HEA'IHI!RIl«J 0'l1II!R 
DRY toisr WP::r DRY WP::r '1HICIC o::m 

(~) 
Ter. , All 111' 9 al1 h "".po IDYR5/3 10YR2/3 2-3 m cr 3.7 

AS 111' 91 h so,po 10'0'R5/3 10Y1t3/3 2 m cr '.6 
Bw 111' sl GIl 59.po IDYR5/' lOYR4/' 1 m cr thin disc S.B 

Btl 111' al ss,po IDYR5/5 10YR'!' 1 m sble thln-1Dl!d cent 6.2 
Bt2 111' sl vb "",po IDYR5/6 lOYR'/' 1 m abk thin cent 6.0 Neal< ira> pan 
COX 111'9 vh-h so. po 2.SY6/3 2.5Y4/3 sg thin diac S.S 

Ter. 6 All 111' al sh-h as ,po lOYR4'3 10YR312 1 m cr 6,0 j'1:l1C1f 
Bw 111' al GIl as.po 2.SYS/3 2.5Y3/3 sg thin cent 6.0 yell"" 

Cox agr GIl ss/so.po 2.5Y6/' 2.5Y4/' 59 thin disc 6.2 yell"" 
Ter. 9 All al GIl ss.po 2.5Y5/2 2.5Y3/2 1 m cr '.7 clear 

AC a GIl so ,po 2.5Y6/2 2.5Y4/2 1 f sble S.O orange 
Cox 9 GIl fr so ,po 2.SY6/3 2.5Y4/3 m '.8 pink , 

2C 111''' f1 so,po 2.5Y6/3 2.5Y4/' sg 
3C 9111' 10 so,po 2.5Y6/3 2.SY'" sg , --

Brand> 
Aqgrad- All f al GIl as.po IOYR'!3 10YR2/3 1-2 c cr '.5 clear loess 

atlon AS f al sh-h ss,ap IOYR6/' 10YR2/3 1-2 m able 5.0 clear loess 
Bt?1 1 GIl sa,ap 10YR6/' lOYR4/4 1 m-c: able. 4.5 palelll2lUll8 loess 

1 f pr 
Bt2 1111' sh-h fItJ/ ... fI{J 10YR7/4 IDYR5/6 1-2 .. sble. 4.!! - loess 

1 f pr 
2Bw aI-Is. 111' GIl "".ap 10YR6/4 IOYR'/4 1 f .... able thin COlt 5.5 orange 

2Cox agr vb~ so.po 10YR3/3 10YR2/3 .. thin disc. few. IIIIBll 6.0 pink 
CU agr vb so,po 2.SY4/3 2.5Y4/2 m 7.0 

Ter. 3 All al1 GIl as,ap IOYR'/3 10YR3/2 1-2 m able-pr - 5.6 
I 1-2 t-m cr 

Bw all GIl fItJ,fI{J 10YR7/4 IDYR5/6 1-2 t-m able thin disc 6.0 
COX Is GIl fItJ,po 10YR6/4 IOYR4/3 1 f-m allk, sg thin disc 6.3 
CU? a-I .. 10 so ,po 10YR6/3 2.5Y'/3 sg 6.S 

Ter. Ii All algr h ss/so,po IDYR5/2 10YR2/3 1-2 t-m cr 4.8 
AS al h· as,ap 10YRS/3 10YR2/3 1-2 t-tll cr 5.2 

!!wI al ali-h' ss,ap l0YR6/S lOYR4/' 1 f-tll able thin disc S.4 
Bw2 al GIl-h ss,ap 10YR6/4 IOYR4/' 1-2 .. able thin cent 5.8 

2Bw3 a1gr h sa.po 10YR6/' lOYR'" m thin 41sc-<xlnt 5.8 
2Cox agr GIl so,po IDYR5/' IOYR'/4 11 v thin disc 6.0 

CU agr GIl so,po 2.5Y6/3 2.5Y4/3 m 6.5 
Ter. 6 All al1 sh-h so,ap IOYR6/3 IOYR'/3 1 t-m cr 5.5 pink 

Bwl all ah-h as,ap 2.5Y6/3 2.5Y5/3 1 t able 5.0 palellBlM!! 
2Bw2 a1gr sh as. po 10YR7/3 lOYR6/2 m thin Uac-amt 6.0 pale IIIIIM! 
2Cox "111' !!IO so/ss, po 2.5'i1/2 2.5Y4/3 sg v thin disc 6.0 mauve 

CU agr _10 so,po 2.5Y6/2 2.5Y'/2 It-&g 6.B clear 



TABLE Dl--COntinued 

SOIL IfJRlZOH 'I11JClURE CONSISIEII% IXIUlR S'ItlUC'lURE lXlATINGS ctIlY PIU4 Mn"It.I!:s H2O pH !laP pH H!!Al1II!:RII« 0l'IIEl! 
DRY MJIST HEr DRY HEr tHICK OONT 

Salrton 
Ter. 1 All all sh ..... IIP IDYR4/3 IDYR3/2 1-2 .. cr 5.0 

BId sl1 sh as.1IP IDYR4/4 IDYR4/4 1 f ...... bIe 6.0 
Btl al sh-h as.lIP/p IDYR4/4 IDYR4/3 2 .... bIe 6.3 

2Bt2 1 sh-h ".IIP IDYR4/6 IDYR5/4 1 II 5b1e thin amt 6.3 
2Bo(~ \II' al-l sh ss.SP IDYR4/6 IDYR'/4 1 f sble-cr thin disc 6.4 
2Bw'3 gr 51 sh 59.ID 10YR'/6 IDYR'I'.5/' 1 t silk thin disc 6.5 
2Caxl gr Ia sh as/so.ID IDYR4/3 IDYR4/2 sg thin disc 6.7 
2COx2 gr 51 sh "".po 10'lR"3 10'lR4/3 sg 6.7 

Ter. 2 All 51-Is sh so.po IDYR4/3 IDYR3/2 1 f cr thin disc 4.3 
Bwl 51 fl as.po 10'lR4/4 IDYR3/4 1 m 5b1t thin disc 4.6 
Bw2 al fr ..... po IDYR4/6 IDYR3/4 1 f cr thin cent 5.2 
B<3 Is vfr ss/so.po IDYR,,6 IDYR3/4 1 f cr thin disc 6.0 
COX Is vfr "".po IDYR"4 IDYR3/4 sg thin disc 6.4 -

COl Is vh ss.po 2.5Y4/2 2.5Y5/2 sg 6.7 
Ter. 4 All 51 sh fr ss.po IDYR3/4 IDYR3/3 1 f cr 5.6 pale yl~ 

Bw gr Is sh so.po IDYR4/4 IDYR3/3 gr thin disc 5.8 plnlc 
COX gr 10 55. Po IDYR6/2 IDYR4/2 sg 6.2 mauve 
COl? grs 10 so.po 2.SY4/2 2.SY3/2 sg 6.8 clear 

Ter.5 All 51 sh "".po 2.5Y5/3 2.5Y4/3 0-1 f cr 6.0 pale VI. no gravel 
COl 515 sh-h fl 59/SO.po 2.5Y4/4" 2.5Y4/4 1 f .. Ill< 5.5 pale yl. no gravel 

2J\hb 91 sh 59.SP 2.5Y4/4 2.SY4/2 2 m-c cr 6.0 pale VI. no gravel 
:m.ob 511 fl 59.sp 2.SY4/3 2.5Y3/3 2m5b1e lIIlIDI!rCIlII c:oII1'8e 6.3 pale VI. no gravel 

Col 515 fl so.po 2.5Y4/2 2.SY4/2 .. 7.2 clear no gravel 
~ 
TI!!r. 3 All 511 sh "".SP IDYR3/3 10'iR2/3 1-2 f cr 5.8 clear 

AS 51 I sh as.sp/po 10'lR4/3 IDYR4/2 1 m cr 6.2 Y"llow 
Bwl a1 sh as.SP IDYR4/4 2.SY5/4 1 f .. bIe 6.0 orange 
Bw2 grs sh ISS.SP/po 2.5YS/4 2.SY4/4 1 f .. bIe 6.5 orange 
COX gra h so.po 2.5Y6/3 2.5Y4/4 2 .. 5b1e 6.0 p1nlc 

Ter.4 All 511 sh ss.SP 10'iR2/3 10'iR2/2 1-2 m cr 6.2 clear 
AS all sh, "".IIP IDYR"3 IDYR3/3 1 f sble 6.5 pale VI. 

Bwl al sb-h·. "".IIP 2.SY6/3 2.5Y4/3 1 m 5l*. 6.S pale yl. 
1-2 m pr 

Bw2 Is h as/so.sp 2.5Y5/3 2.5Y4/3 1 fable. 6.5 pale VI. 
1 m pr 

COX .. ai vh-h IIS.SP 2.5Y6/3 2.SY4/3 .. 6.5 clear 
Clarence 
Ter. I All all IIh-h so.po IDYR4/3 10'iR2/3 2 f able 4.5 Y"llow 

Bw ,,11 sh "".SP IDYR5/4 IDYR3/4 2 f .... sbIc thin disc 5.5 Y"llow 
Bt?1 .. 11 fr-fl ss.SP/p 10'iR6/4 IDYR4/4 2m5b1e thin cent 6.0 clear 
Bt?2 51 \II' fr-fl as.po 10'iR6.5/3 IDYR4/6 2 II able:, thin cent 1 n pf 6.0 clear 

1 m pr 
COX "gr fr-fl sa.po 10'iR6/2 2.~Y4/3 1 f_ sbIc thin dlsc 6.2 clear 

• 
~ 



TABLE Dl--COntinued 

SOIl. IlJRIZDIf TEXrURE CONSIsma COLOR S'IRlX:'nJRE OOATINGS CLAY PIUI MJ'I'lt.ES II20PlIlaPPi W!A'11I!IUI«l I!!Y MJIST WET I!!Y WET 'nIICK CIlNl' OI'IIER 

(Cl~) 

lOYR'/3 1 r obit ~r. 2 M1 sil gr sh M.p' 10YR2/3 '.5 cll!al' Bw 51 gr 00-10 55.po 1OYR5/3 1OYR3/3 1 f sblt thin disc 5.3 clear Bt? sl gr all ss.po 1OYR5/3 1OYR3/4 1 fable thin cant 5.8 yell"" 2CaX1 8 f1 55.po 1OYR6/3 2.5Y4/3 1-2 m pl. 6.0 yell"" 2msble 
2C0X2 agr fi-vf sa.po 1OYR5/3 1OYR3/3 811, 1 ID cr thin disc 6.0 yell"" CU 5gr fr ss/so.po 1OYR5/2 2.SY3/3 sq. 1 m cr 6.5 yell"" 
~ l\h sl1 all SSliZ!? lOYR4/3 10YR2/3 2 f "bit 5.5 
~ Bwl sl1 all sa.po 1OYR4/3 1OYR3/3 2 f sblt 6.0 

Bw2 all all-h 55.po lOYP.5/3 10YR3/4 Imsblt 6.0 
2Bw3 sgr sh-h 55.po 10YR5/3 10YR3/4 1 m sblt thin disc 6.2 
2CoX 5gr 00 55.po lOYR6/3 1OYR3/4 Imsble.sg 6.3 

CU sgr 10 so.po 1OYR5/2 1OYR3/2 sq 6.0 

• Color obtained from slightly mo1st sol1. 
1C1llS: Refer 1:0 Table D2 for explanation of all abreviatlons used. All val ..... are frca field descriptions only. 

: 



TABLE D2 

KEY TO FIELD DFSCRIPl'ION DATA 

HORIZONS 

E-albic 
h--humic 
m--cemented 
ox-oxidized 
r--reduced 
s--spodic 
t-textural (structure and 

i1luvial clay) 
w--cambic (color change, no 

sign. clay or structure) 

CONSISTENCE 

~ 
lo--loose 
so--soft 
sh--slightly 

hard 
h--hard 
vh--very hard 
eh--extremely 

hard 

STRUCTURE 

Grade 
m--massive 
sg--single grain 
l--weak 
2-moderate 
3--strong 

CIAY FIIMS 

Frequency 
vf--very few 
l--few 
2--comrnon 

M::>ist 
lo--loose 
vfr--very 

friable 
fr--friable 
fi--finn 
vf i--very firm 
efi--extremely 

firm 

Size 
vf--very fine 
f-fine 
m--meciium 
c-coarse 
vc--very coarse 

Thickness 
n--thin 
mk--moderately 

thick 

co-cobbles or cobbly 
gr--gravel or gravelly 
s--sand or sandy 
si--silt or sil~l 
ls--loamy sand 
sl-sandy loam 
sil--silty loam 
l--loam 
cl--clay loam 
c-clay 

Wet 
SO:-non-sticky 
ss--slightly 

sticky 
s--sticky 
vs--very sticky 

~ 
gr--granular 

po--non-plastic 
sp--slightly 

plastic 
p--plastic 
ps-very plastic 

cr--crwnb 
abk--angular blocky 
sbk-subangular blocky 
pr-prismatic 

MorpholOCJY 
br--bridging grains 
pf-coatings on ped faces 

NOTE: SOil description procedures, using these description classes, 
S\D1IIIlarized by Birkeland (1984). 

408 



409 

TABLE 03 

PARENT MATERIAL M:>RPHOLOOIC DATA 

Soil Text. Consist. Color Structure Coatinas£ ~ 
~ Wet ~ Wet Weatherina £ 

ftt>ttles 

Franz Josef s 10 so/po N4/0- sg none 6.6 
2.5Y4/1 

Okuru R. s so so/po 2.5Y6/1 2.SY4/1 sg none 7.0 
Reef ton s 10 2.SY3/2 --- m, sg none S.S? 
Toaroha R. s 10 so/po 2.SYS/l 2.SY4/1 sg none 6.S 
Mahitahi R. s 10 so/po 2.SYS/2 2.SYS/2 sg none 7.0 
MJeraki R. s 10 so/po 2.SYS/2 2.SY4/2 sg none 7.S 
Wanganui R. s 10 so/po 2.SYS/2 2.SYS/2 sg none 7.S 
Buller R. s 10 so/po 2.5Y6/3 2.5Y4/3 sg none 7.0 
Branch R. s 10 so/po 2.SY6/2 2.5Y4/2 sg none 7.0 
Saxton R. s 10 eo/po 2.SY4/2 2.SY3/2 sg none 7.2 
Grey R. s si 10 so/po 2.SY6/3 2.SY4/2 sg none 6.S 
Clarence R. s 10 so/po 2.SY6/2 2.SY4/2 sg none 6.7 
Edwards R. s 10 so/po 2.SYS/2 2.SY3/2 sg none 6.S 
Charwell R. 

Loess ls sh ss/po lOYRS/3 10YR4/3 sg none 6.7 
Alluvium s 10 so/po 2.SY6/2 2.SY4/2 sg none 7.0 
Fan s 10 so/po 10YR6/4 lOYR4/3 sg none 6.S 

NOTE: Refer to Table D2 for explanation of abbreviations. 



TABLE D4 

PROFILE INDEX DATA 

Site Total Franz Josef 
SOil Points Okarito WClnbat Douglas Track 
Horizon Ahl Ah2 Er 2Bsl 2Bs2 Ah Br Ssm 2Br Ahl Ah2 Cll C12 C13 C2 
Thickness 9 16 25 15 130 9 10 1 55 6 9 6 18 21 60 

Ouantified 
Rubif. 80 40 40 50 50 40 0 25 40 20 30 0 0 0 
Gleying 40 30 10 
Texture 90 (40) 60 70 40 (20) (10) 60 60 (35) 75 60 20 0 30 0 0 
C. Weath. 40 
M:lttling 60 
Clay Films --
Structure 70 
Dry Const. 50x2 
M:list Con. 50x2 
DarIcen1ng 
Lightening 
pH Deer. 

Nonnalized 
Rubif. 
Gleying 
Texture 
C. Weath. 
M:ltt1ing 
Clay Films 
Structure 
Dry Const. 
M:list Con. 
Darkening 
Lightening 
pH Deer. 

Smn Norm. 
II Prop. 

Smn/Number 
Horizon In. 

40 
40 

2.6 

Profile Index 
W<!ighted Index 

40 40 40 30 20 40 35 20 20 20 10 0 0 0 
20 50 60 20 50 15 

20 20 50 50 0 20 30 0 30 40 0 0 0 0 0 

30 30 40 30 40 30 30 50 30 30 20 20 30 20 30 
10 10 10 15 10 10 10 0 0 

0 10 4 10 0 10 
2.6 2.4 1.9 1.6 1.5 2.6 2.0 1.8 1.4 2.1 1.9 1.5 1.3 1.1 0.6 

0.50 0.50 -- 0.63 0.63 0.50 0.00 0.31 0.50 0.20 0.38 0.00 0.00 0.00 --
-- 0.15 -- -- 0.25 

0.67 0.78 0.44 0.50 0.25 0.67 0.67 0.88 0.83 0.67 0.22 0.00 0.33 0.00 0.00 
1.00 1.00 1.00 0.75 0.50 1.00 0.88 -- 0.50 0.50 0.50 0.25 0.00 0.00 0.00 

-- 0.33 0.83 1.00 -- 0.33 -- 0.83 -- -- 0.25 --

0.29 0.29 0.11 0.71 0.00 0.29 0.43 0.00 0.43 0.57 0.00 0.00 0.00 0.00 0.00 

0.30 0.30 0.40 0.30 0.40 0.30 0.30 0.50 0.30 0.30 0.20 0.20 0.30 0.20 0.30 
-- 0.25 0.25 -- 0.25 -- 0.38 -- 0.25 0.25 0.00 0.00 0.00 --

0.00 0.25 -- -- 0.10 -- 0.25 -- 0.00 -- -- 0.25 
1.00 0.92 0.73 0.62 0.58 1.00 0.77 0.69 0.54 0.81 0.73 0.58 0.50 0.42 0.23 

3.76 4.04 4.61 4.59 3.46 4.01 3.63 2.76 3.93 3.30 2.28 1.28 1.13 0.62 1.03 
7 7 8 8 8 7 8 6 8 778 7 7 7 

0.54 0.58 0.58 0.57 0.43 0.57 0.45 0.46 0.49 0.47 0.33 0.16 0.16 0.09 0.15 
4.83 9.23 14.4 8.61 56.2 5.16 4.54 0.46 27.0 2.83 2.93 0.96 0.91 1.86 8.83 

93.31 
0.479 

37.18 
0.496 

18.32 
0.153 

410 
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TABLE D4--COntinued 

PROFILE INDFX DATA 

Site (Franz .Josef) OJcuru River Reef ton 
SOil Peters Pool Ah terrace 
Horizon Ah/tot 01 02 Ah/tot Btl Bt2 Bw Caxl COX2 CU A/tot AB B21 B22 B3 
'l'hic1mess 12 38 50 15 20 35 20 25 90 150 8 10 14 19 15 

Quantified 
Rubif. 30/80 0 0 50/180 60 50 50 35 20 0 40/80 55 60 60 55 
Gleying -/40 
TeXture 0/90 0 0 10{90 20 20 0 0 0 0 25/40 20 20 20 20 
O. Weath. 10/40 5 0 30{40 30 20 10 10 10 0 
Mottling -/60 15 0{50 20 30 20 0 0 0 -/50 35 35 30 
Clay Films 0{110 0 0 0 0 0 0 
Structure 20/70 0 0 30{70 30 20 10 10 10 0 30/60 30 30 30 30 
Dry Canst. 5{100 15 15 15 10 10 5 
Moist Con. 0/100 0 0 10/100 10 10 10 10 
Darkening 0/40 10 10 30{80 30 30 20 15 10 0 
Lightening 10/50 15 30 40 30 
pH Deer. 1.4/2.6 1.0 0.0 3.0/3.4 2.4 1.5 0.5 0.4 0.2 0.0 0.9/1.5 0.8 0.6 0.3 0.4 

Normalized 
Rubif. 0.38 0.00 0.00 0.28 0.33 0.28 0.28 0.19 0.11 0.00 0.50 0.690.75 0.75 0.69 
Gleying 
Texture 0.00 0.00 0.00 0.11 0.22 0.22 0.00 0.00 0.00 0.00 0.63 0.50 0.50 0.50 0.50 
C. Weath. 0.25 0.13 0.00 0.75 0.75 0.50 0.25 0.25 0.25 0.00 
Mottling 0.25 - 0.00 0.40 0.60 0.40 0.00 0.00 0.00 - 0.70 0.70 0.60 
Clay Films - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Structure 0.29 0.00 0.00 0.29 0.50 0.50 0.43 0.00 0.00 0.00 0.43 0.43 0.43 0.43 0.43 
Dry Const. - 0.05 0.15 0.15 0.15 0.10 0.10 0.05 
Moist con. 0.00 0.00 0.00 0.10 0.10 0.10 0.10 0.10 
Darkening 0.00 0.25 0.25 0.38 0.38 0.38 0.25 0.19 0.13 0.00 
Lightening - 0.20 0.30 0.60 0.80 0.60 
pH Deer. 0.54 0.38 0.00 9. 86 0.69 0.43 0.14 0.11 0.06 0.00 0.60 0.53 0.40 0.20 0.27 

sum Nonn. 1.46 1.01 0.25 2.72 3.52 3.06 1.90 0.84 0.65 0.05 2.46 2.55 3.48 3.48 3.19 
~ 7 8 7 9 9 9 9 9 9 9 6 6 7 7 7 
SumlNumber 0.21 0.13 0.04 0.30 0.39 0.34 0.21 0.09 0.07 0.01 0.41 0.43 0.50 0.50 0.46 
Horizon In. 2.50 4.80 1. 79 4.53 7.82 11.9 4.22 2.33 6.50 0.83 3.28 4.25 6.96 9.45 6.84 

Profile Index 9.09 38.13 
Weighted Index 0.091 0.107 



TABLE D4--continued 

PROFILE INDEX DATA 

Site (Reef ton) 
Soil (Ab) 10 terrace Iy terrace Ho terrace 
Horizon Cll C12 A B21 B22 Cll C12 A AS B2 B3 C All Al2 C 
Thickness 15 50 7 15 17 13 50 7 9 13 12 50 18 20 25 

Quantified 
Rubif. 55 40 35 60 60 25 20 30 30 40 30 30 30 
Gleying 5 10 25 
Texture 10 0 20 20 10 5 0 25 25 20 10 0 20 10 0 
c. Weath. 
Coatings 30 10 20 10 30 0 10 0 
Clay Films 
Structure 30 0 30 35 35 0 0 25 40 30 25 0 20 40 0 
Dry COnst. 
Moist Con. 30 0 10 10 10 0 0 10 20 20 20 0 20 20 0 
Darkening 
Lightening 20 20 0 20 20 10 15 0 10 20 20 10 0 10 40 
pH Deer. 0.4 0.5 0.8 0.6 0.2 0.3 0.3 1.0 0.6 0.4 0.4 0.3 1.3 1.0 0.1 

Normalized 
Rubif. 0.69 0.50 0.44 0.75 0.75 0.31 - 0.25 0.38 0.38 0.50 0.38 0.38 0.38 -
Gleying - 0.13 - - 0.25 - - 0.63 
Texture 0.25 0.00 0.50 0.50 0.25 0.13 0.00 0.63 0.63 0.50 0.25 0.00 0.50 0.25 0.00 
c. Weath. 
Coatings 0.60 0.20 - - 0.40 0.20 - - 0.60 0.00 - 0.20 0.00 
Clay Films -
Structure 0.43 0.00 0.43 0.50 0.50 0.00 0.00 0.36 0.58 0.43 0.36 0.00 0.29 0.58 0.00 
Dry Const. -
Moist Con. 0.30 0.00 0.10 0.10 0.10 0.00 0.00 0.20 0.20 0.20 0.20 0.00 0.20 0.20 0.00 
Darkening 
Lightening 0.40 0.40 0.00 0.40 0.40 0.20 0.30 0.00 0.20 0.40 0.40 0.20 0.00 0.20 0.80 
pH Deer. 0.27 0.33 0.53 0.40 0.13 0.20 0.20 0.67 0.40 0.27 0.27 0.20 0.97 0.67 0.07 

Sum Norm. 2.94 1.56 2.00 2.65 2.13 1.24 0.95 1.91 2.39 2.18 2.58 0.78 2.24 2.48 1.50 
II Prop. 7 8 6 6 6 7 7 6 6 6 7 7 6 7 7 
Sum/NUmber 0.36 0.20 0.33 0.44 0.36 0.18 0.14 0.32 0.40 0.36 0.37 0.11 0.37 0.35 0.21 
Horizon In. 5.44 9.75 2.33 6.63 6.04 2.30 6.79 2.23 3.59 4.72 4.42 5.57 6.72 7.09 5.36 

Profile In. 45.97 
Weighted In. 0.351 

24.09 
0.236 

20.53 
0.226 

19.17 
0.304 

412 
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TABLE D4--continued 

PROFILE INDEX DATA 

Site Toaroha River Mahitah! River Moerald River 
Soil Terrace Terrace Moraine 
Horizon Ah/tot AC en Ah/tot AB Bw COXl COX2 Ah/tot Btl Bt2 Bt3 Bw COXl COX2 Cox3 
Thick. 7 12 50 15 10 20 35 65 10 10 20 15 35 30 60 120 

Quantified 
Rubif. 30/180 20 0 40/160 60 40 50 50 60/160 100 120 100 80 20 40 30 
Gleying 
TeXture 10/90 0 0 20/90 30 20 20 5 40/90 50 60 60 50 30 5 0 
CObble 0/40 10 0 0/40 10 10 0 0 30/40 30 30 20 20 20 15 0 
Coating 0/50 0 0 0/50 0 15 20 15 0/50 0 30 30 30 20 20 10 
Cl Film 0/110 0 0 0/110 0 30 0 0 0/110 30 30 30 0 0 0 0 
Struct. 20/70 30 0 20/70 10 0 0 0 20/70 25 35 35 30 0 0 0 
Dry Con 20/100 0 
Moist . -/100 25 20/100 20 20 20 20 20/100 20 20 20 20 20 30 30 
Dark. 10/70 0 40/80 40 20 20 20 20/70 10 10 10 10 10 
Light. 10/70 10 -/70 10 10 
pH Deer 0.8/3.5 0.4 0.4 2.8/3.5 2.0 1.0 0.2 0.3 3.2/3.5 2.8 1.5 0.8 1.5 1.0 1.0 0.5 

Normalized 
Rubif. 0.17 0.11 0.00 0.25 0.38 0.25 0.31 0.31 0.38 0.63 0.75 0.63 0.50 0.13 0.25 0.19 
Gleying 
TeXture 0.11 0.00 0.00 0.22 0.33 0.22 0.22 0.06 0.44 0.56 0.67 0.67 0.56 0.33 0.Q6 0.00 
Cobble 0.00 0.25 0.00 0.00 0.25 0.25 0.00 0.00 0.75 0.75 0.75 0.50 0.50 0.50 0.50 0.25 
Coating 0.00 0.00 0.00 0.00 0.00 0.30 0.40 0.30 0.00 0.00 0.60 0.60 0.60 0.40 0.30 0.00 
Cl Film 0.00 0.00 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.27 0.27 0.27 0.00 0.00 0.00 0.00 
Struct. 0.29 0.43 0.00 0.29 0.14 0.00 0.00 0.00 0.29 0.36 0.50 0.50 0.43 0.00 0.00 0.00 
Dry Con O.~O - 0.00 
Moist 0.25 - 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.30 0.30 
Dark. 0.14 - 0.00 0.50 0.50 0.25 0.25 0.25 0.29 0.14 - - 0.14 0.14 0.14 0.14 
Light. 0.14 0.14 - - 0.14 0.14 -
pH Deer 0.23 0.11 0.11 0.80 0.57 0.29 0.06 0.09 0.91 0.80 0.43 0.23 0.43 0.29 0.29 0.14 

SUm Norm 1.28 1.29 0.11 2.26 2.37 2.03 1.44 1.21 3.26 3.71 4.31 3.74 3.36 1.99 1.84 1.02 
# Free· 10 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
SUmlNo. 0.13 0.14 0.01 0.25 0.26 0.23 0.16 0.13 0.36 0.41 0.48 0.42 0.37 0.22 0.20 0.11 
Hor Ind 0.90 1.72 0.61 3.77 2.63 4.51 5.60 8.74 3.62 4.12 9.58 6.23 13.1 6.63 12.3 13.6 

Profile 3.23 25.25 69.12 
Weighted 0.047 0.174 0.230 
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TABLE D4--COntinued 

PROFILE INDEX DATA 

Site Wanganu1 River Buller River 
Soil Moraine Terrace 1 Terrace 4 
Horizon Ah/tot AB Bsl Be2 EM Cox! Cox2 Ah/tot AB EM Bt COX Ah AB EM 
Thickness 15 15 15 20 20 25 170 20 10 16 30 80 18 7 10 

Quantified 
Rubif. 30/160 60 30 100 20 20 0 20/160 10 40 60 30 20 20 40 
Gleying -/60 30 20 20 
Texture 70/90 70 60 40 40 30 20 40/90 40 40 40 0 30 20 30 
C. Weath. 40/40 40 40 30 20 10 0 
Coatings 0/50 30 30 40 20 15 15 0/50 0 20 30 20 0 0 20 
Clay Films 0/110 0 40 100 40 0 0 
Structure 35/70 40 40 45 50 30 25 20/70 20 30 35 0 35 30 20 
Dry Const. -/100 20 20 25 -/100 20 25 30 30 30 20 
Moist Con. 20/100 25 25 20 20/100 10 
Darkening 40/80 40 30 0 0 10 0 30/80 20 10 10 25 30 20 10 
Lightening -/60 10 10 
pH Deer. 3.5/3.5 3.5 2.5 1.0 0.5 0.5 0.2 2.5/3.5 2.5 1.5 1.0 1.0 3.3 2.4 1.2 

Nonnalized 
Rubif. 0.19 0.38 0.19 0.63 0.13 0.13 0.00 0.11 0.05 0.21 0.32 0.16 0.11 0.11 0.21 
Gleying - 0.50 0.33 0.33 
Texture 0.78 0.78 0.67 0.44 0.44 0.33 0.22 0.44 0.44 0.44 0.44 0.00 0.33 0.22 0.33 
C. Weath. 1.00 1.00 1.00 0.75 0.50 0.25 0.00 
Coatings 0.00 0.60 0.60 0.80 0.40 0.30 0.30 0.00 0.00 0.40 0.60 0.40 0.00 0.00 0.40 
Clay Films 0.00 0.00 0.35 0.91 0.36 0.00 0.00 
Structure 0.50 0.57 0.57 0.64 0.71 0.43 0.36 0.29 0.29 0.43 0.50 0.00 0.50 0.43 0.29 
Dry Const. - 0.20 0.20 0.25 - 0.20 0.25 0.30 0.30 0.30 0.20 
Moist Con. 0.20 0.25 0.25 0.20 - 0.20 0.10 -
Darkening 0.50 0.50 0.38 0.00 0.00 0.13 0.00 0.38 0.25 0.13 0.13 0.31 0.38 0.25 0.13 
Lightening - 0.17 0.17 -
pH Deer. 1.00 1.00 0.71 0.29 0.14 0.14 0.06 0.71 0.71 0.43 0.29 0.29 0.94 0.69 0.34 

SUm Norm. 4.17 5.08 4.73 4.66 3.38 2.24 1.52 2.13 1.82 2.41 2.70 1.46 2.56 2.00 1.90 
II ProE. 9 9 9 9 10 10 10 7 7 e 8 7 7 7 7 
SUmlNumber 0.46 0.56 0.53 0.52 0.34 0.22 0.15 0.30 0.26 0.30 0.34 0.21 0.37 0.29 0.27 
Horizon In. 6.95 8.47 7.88 10.4 6.76 5.60 25.8 6.09 2.60 4.B2 10.1 16.7 6.58 2.00 2.71 

Profile Index 71.86 40.33 
Weighted Index 0.257 0.259 



TABLE D4-continued 

PROFILE ItmEX DATA 

(Buller River) 
(Terrace 4) Terrace 6 Terrace 9 

saxtan River 
Terrace 1 

415 

Site 
Soil 
Horizon 
TiiiCiCness 

Btl Bt2 Cox Ah &I Cox Ah AC Cox 
12 9 11 

2C 
12 

3C Ah/tot &11 Btl 2Btl 2&12 
20 5 50 25 17 40 20 15 15 20 20 20 

Quantified 
Rubif. 50 60 0 20 0 0 0 0 0 10 10 30/160 60 50 80 80 
Gleying -
TeXture 30 30 0 30 30 5 30 0 0 0 0 40/90 40 45 60 45 
C. Weath. 
Coatings 35 30 20 0 30 20 0 0 0 0 0 0/50 0 0 30 20 
Clay Films 
Structure 30 35 0 20 0 0 20 30 0 0 0 25170 30 40 30 30 
Dry COnst. 20 40 35 25 20 20 20 20 20 0 20/100 20 25 25 20 
fotIist COn. 20 30 
Darkening 10 10 0 30 20 0 20 0 0 0 0 0/50 
Lightening -/90 10 10 20 10 
pH Deer. 0.8 1.0 1.5 1.0 1.0 0.8 2.3 2.0 2.0 0.5 0.5 2.2/3.5 1.2 0.9 0.9 0.8 

Normalized 
Rubif. 0.26 0.32 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.19 0.38 0.31 0.50 0.50 
Gleying 
TeXture 0.33 0.33 0.00 0.33 0.33 0.06 0.33 0.00 0.00 0.00 0.00 0.44 0.44 0.50 0.67 0.50 
C. Weath. 
Coatings 0.70 0.60 0.40 0.00 0.60 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.40 
Clay Films -
Structure 0.43 0.50 0.00 0.29 0.00 0.00 0.29 0.43 0.00 0.00 0.00 0.36 0.43 0.57 0.43 0.43 
Dry COnst. 0.20 0.40 0.35 0.25 0.20 0.20 0.20 0.20 0.20 - 0.00 0.20 0.20 0.25 0.25 0.20 
fotIist COn. - - 0.20 0.30 -
Darkening 0.13 0.13 0.00 0.38 0.25 0.00 0.25 0.00 0.00 0.00 0.00 0.00 
Lightening - 0.11 0.11 0.22 0.11 
pH Deer. 0.23 0.29 0.43 0.29 0.29 0.23 0.66 0.57 0.63 0.14 0.14 0.63 0.34 0.26 0.26 0.23 

SUm Nonn. 2.28 2.57 1.18 1.65 1.67 0.89 1.73 1.20 1.03 0.49 0.19 1.82 1.90 2.00 2.93 2.37 
II Prop. 7 7 7 7 7 7 7 7 8 7 7 7 7 7 7 7 
SUmlNumber 0.33 0.37 0.17 0.24 0.24 0.13 0.25 0.17 0.13 0.07 0.03 0.26 0.27 0.29 0.42 0.34 
Horizon In. 6.51 1.84 8.43 5.89 4.06 5.09 2.97 1.54 1.42 0.84 0.54 3.90 4.07 5.71 8.37 6.77 

Profile Index 28.07 15.04 7.31 
Weighted Index 0.255 0.209 0.114 
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TABLE 04--continued 

PROFILE INDEX DATA 

Site (Saxton River) 
Soil (Terrace 1) Terrace 2 Terrace 4 Terrace 5 
HOrIzon 2BW3 2Coxl 2C0x2 Ah Bwl Bw2 Bw3 Cox CU Ah Bw Cox CU Ah CU 2Ahb 
Thickness 20 20 100 10 15 15 50 60 100 10 15 35 100 10 35 5 

Quantified 
Rubif. 80 30 40 30 60 80 80 60 0 50 50 20 0 20 40 20 
Gleying 
Texture 30 15 30 15 30 30 15 20 20 30 10 10 0 30 5 40 
C. Weath. 
Coatings 20 20 0 20 20 30 20 20 0 0 20 0 0 0 0 0 
Clay Films 
Structure 30 0 0 20 30 20 20 0 0 20 10 0 0 15 30 30 
Dry Const. 20 20 20 20 40 20 20 0 0 20 25 20 
Moist Con. 30 20 10 10 20 30 
Darkening 10 0 0 
Lightening 15 10 10 0 0 0 0 0 20 30 20 10 10 
pH Deer. 0.7 0.5 0.5 2.9 2.6 2.0 1.2 0.8 0.5 1.6 1.4 1.0 0.4 1.2 1.7 1.2 

Nonnalized 
Rubif. 0.50 0.19 0.25 0.19 0.38 0.50 0.50 0.38 0.00 0.31 0.31 0.13 0.00 0.13 0.25 0.13 
Gleying 
TeXture 0.33 0.17 0.33 0.17 0.33 0.33 0.17 0.22 0.22 0.33 0.11 0.11 0.00 0.33 0.06 0.44 
C. Weath. 
Coatings 0.40 0.40 0.00 0.40 0.40 0.60 0.40 0.40 0.00 0.00 0.40 0.00 0.00 0.00 0.00 0.00 
Clay Films -
Structure 0.43 0.00 0.00 0.29 0.43 0.29 0.29 0.00 0.00 0.29 0.14 0.00 0.00 0.21 0.43 0.43 
Dry Const. 0.20 0.20 0.20 0.20 - - 0.40 0.20 0.20 0.00 0.00 0.20 0.25 0.20 
Moist Con. - - 0.30 0.20 0.10 0.10 - 0.20 - - 0.30 -
Darkening - 0.20 -
Lightening 0.17 0.11 0.11 0.00 0.00 0.00 0.00 0.00 0.22 - 0.00 0.33 0.00 0.22 0.11 0.11 
pH Deer. 0.20 0.14 0.14 0.83 0.74 0.57 0.34 0.23 0.14 0.46 0.40 0.29 0.11 0.34 0.49 0.34 

SUm Norm. 2.23 1.21 1.03 2.08 2.58 2.49 1.80 1.33 0.98 2.49 1.56 0.86 0.11 1.43 1.90 1.65 
# Prop. 7 7 7 7 7 7 7 7 7 8 7 7 7 7 8 7 
SUm/NUmber 0.32 0.17 0.15 0.30 0.37 0.36 0.26 0.19 0.14 0.31 0.22 0.12 0.02 0.20 0.24 0.24 
Horizon In. 6.37 3.46 14.7 2.97 5.53 5.34 12.9 11.4 14.0 3.11 3.34 4.30 1.57 2.94 8.31 1.18 

Profile Index 
Weighted Index 

53.36 
0.232 

52.10 
0.208 

12.32 
0.097 

11.25/9.55 
0.250/0.112 
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TABLE D4--COntinued 

PROFILE INDEX DATA 

Site (Saxton) Branch River 
Soil (T5) Aggradation Terrace 3 Terrace 5 
Horizon :>l»Ib 2CU Ah/tot AS Btl Bt2 2Bw 2Cox 2CU Ah Bw Co>C CU Ah AB Bwl 
Thickness 20 60 10 B 15 10 25 72 100 20 55 75 100 10 10 8 

Quantified 
Rubif. 20 0 40/160 60 60 80 60 40 10 30 80 50 30 30 40 70 
Gleying 
Te>Cture 40 0 30/90 40 50 .55 25 0 0 40 40 20 5 25 40 40 
C. Weath. 
Coatings 0 0 0/50 0 0 0 30 20 0 0 20 20 0 0 0 20 
Clay Films 
Structure 40 0 25/70 35 40 40 30 0 0 40 35 30 0 25 25 30 
Dry Const. 20/100 25 20 25 20 45 40 20 20 20 0 30 30 25 
foilist Con. 30 30 
Darkening 40/80 10 0 0 50 20 30 0 0 30 20 0 
Lightening 0 10 -/60 20 20 
pH Deer. 0.9 0.0 2.5/3.5 1.5 2.5 2.5 1.5 1.0 0.0 1.4 1.0 0.7 0.5 2.2 1.8 1.6 

Normalized 
Rubif. 0.13 0.00 0.25 0.38 0.38 0.50 0.38 0.25 0.06 0.19 0.50 0.31 0.19 0.19 0.25 0.44 
Gleying 
Texture 0.44 0.00 0.33 0.44 0.56 0.61 0.28 0.00 0.00 0.44 0.44 0.22 0.06 0.28 0.44 0.44 
C. Weath. 
Coatings 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.20 0.00 0.00 0.20 0.20 0.00 0.00 0.00 0.20 
Clay Films -
Structure 0.57 0.00 0.36 0.50 0.57 0.57 0.43 0.00 0.00 0.57 0.50 0.43 0.00 0.36 0.36 0.43 
Dry Const. - 0.20 0.25 0.20 0.25 0.20 0.45 0.40 0.20 0.20 0.20 0.00 0.30 0.30 0.25 
foilist Con. 0.30 0.30 
Darkening 0.50 0.13 0.00 - 0.00 0.63 0.25 0.38 - 0.00 0.00 0.38 0.25 0.00 
Lightening 0.00 0.11 - 0.33 - -- 0.33 -
pH Deer. 0.26 0.00 0.71 0.43 0.71 0.71 0.43 0.29 0.00 0.40 0.29 0.20 0.14 0.63 0.51 0.46 

Sum Nonn. 1.70 0.41 2.35 2.13 2.42 2.97 2.32 2.02 0.71 2.18 2.66 1.76 0.39 2.14 2.11 2.42 
II ProD. 7 7 7 1 7 7 7 7 7 7 7 7 7 7 7 7 
~£Number 0.24 0.06 0.34 0.30 0.35 0.42 0.33 0.29 0.10 0.31 0.38 0.25 0.06 0.31 0.30 0.35 
Horizon In. 4.86 3.51 3.35 2.43 5.19 4.24 8.29 20.8 10.1 6.23 20.9 18.9 5.57 3.06 3.01 2.77 

Profile Index 54.43 51.56 
Weighted Inde>C 0.227 0.206 
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TABLE D4~ntinued 

PROFILE INDEX DATA 

Site (Branch River) Edwards River 
So11 (Terrace 5) Terrace 6 Scotties camp Terrace 
Horizon Bw2 2BW3 2Cox Ctt Ah Bwl 2Bw2 2Cox 2CU Ah/tot Bwl Bw2 2BW3 2Coxl 2C0x2 
Th.1cla1ess 7 25 60 100 15 10 10 65 100 12 6 6 9 10 50 

Quantified 
Rubif. 60 60 60 20 40 20 30 10 0 40/160 40 50 50 50 20 
Gleying 
Texture 40 30 0 0 30 40 30 5 0 30/90 30 30 10 10 0 
C. Weath. 
Coatings 30 25 15 0 0 0 25 15 0 0/50 0 0 20 0 0 
Clay Films 
structure 35 0 0 0 20 30 0 0 0 40/70 40 30 30 10 0 
Dry COnst. 25 30 20 20 25 25 20 10 5 20/100 20 25 25 20 0 
Moist Con. 
Darkening 0 0 10 0 20/60 10 0 0 0 
Lightening 0 10 10 10 0 -/80 10 
pH Deer. 1.2 1.2 1.0 0.5 1.5 2.0 1.0 1.0 0.2 1.0/3.5 0.5 0.5 0.3 0.2 0.5 

Nonnalized 
Rubif. 0.38 0.38 0.38 0.13 0.25 0.13 0.19 0.06 0.00 0.25 0.25 0.31 0.31 0.31 0.13 
Gleying 
Texture 0.44 0.33 0.00 0.00 0.33 0.44 0.33 0.06 0.00 0.33 0.33 0.33 0.11 0.11 0.00 
C. Weath. 
Coatings 0.60 0.50 0.30 0.00 0.00 0.00 0.50 0.30 0.00 0.00 0.00.0.00 0.40 0.00 0.00 
Clay Films -
Structure 0.50 0.00 0.00 0.00 0.29 0.43 0.00 0.00 0.00 0.57 0.57 0.43 0.43 0.14 0.00 
Dry COnst. 0.25 0.30 0.20 0.20 0.25 0.25 0.20 0.10 0.05 0.20 0.20 0.25 0.25 0.20 0.00 
Moist Con. -
Darkening 0.00 0.00 0.10 0.00 - 0.33 0.17 0.00 0.00 - 0.00 
Lightening - - 0.00 0.17 0.17 0.17 0.00 - 0.13 
pH Deer. 0.34 0.34 0.29 0.14 0.43 0.57 0.29 0.29 0.06 0.29 0.14 0.14 0.09 0.06 0.14 

Sum Norm. 2.51 1.85 1.30 0.47 1.55 1.99 1.68 0.98 0.11 1.97 1.66 1.46 1.59 0.95 0.25 
" PrOD. 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 
Sum~Number 0.36 0.26 0.19 0.07 0.22 0.28 0.24 0.14 0.02 0.28 0.24 0.21 0.23 0.14 0.04 
Horizon In. 2.51 6.61 11.1 6.71 3.32 2.84 2.409.10 1.57 3.38 1.42 1.25 2.04 1.36 1.79 

Profile Index 35.81 19.23 11.24 
Weighted Index 0.163 0.096 0.121 
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TABLE 04-COntinued 

PROFILE INDEX DATA 

Site Clarence River Grey River 
Soil Terrace lw Terrace 2W Terrace 3 
Horizon Ah/tot Bw Btl Bt2 COX Ah Bw Bt Cox! Cox2 Cox3 Ah/tot AB Bwl 
Thickness 20 15 10 15 60 10 10 IB 12 10 60 15 12 9 

ouant1f1ed 
Rubif. 40/160 60 60 70 20 40 40 50 30 40 20 20/140 20 50 
Gleying 
Texture 20/90 40 45 30 10 30 30 30 10 10 5 30/90 25 30 
C. Weath. 
Coatings 0/40 20 30 30 20 0 20 30 0 20 0 0/50 0 0 
Clay Films 
Structure 40/70 40 40 40 30 30 30 30 40 10 10 25/70 20 30 
Dry Canst. 25/100 20 20 10 20 10/100 10 10 
Moist Con. -/100 25 25 25 30 40 20 
DarIcen1ng 40/BO 20 0 0 40 20 20 0 20 20 50/BO 20 20 
Lightening -/40 5 -/60 10 
pH Deer. 2.2/3.5 1.2 0.7 0.7 0.5 2.2 1.4 0.9 0.7 0.7 0.2 1.2/3.5 O.B 1.0 

Normalized 
Rubif. 0.25 0.3B 0.3B 0.47 0.13 0.25 0.25 0.31 0.19 0.25 0.13 0.14 0.14 0.36 
Gleying 
Texture 0.22 0.44 0.50 0.33 0.11 0.33 0.33 0.33 0.11 0.11 0.06 0.33 0.2B 0.33 
C. Weath. 
Coatings 0.00 0.40 0.60 0.60 0.40 0.00 0.40 0.60 0.00 0.40 0.00 0.00 0.00 0.00 
Clay Films 
Structure 0.57 0.57 0.57 0.57 0.43 0.43 0.43 0.43 0.57 0.14 0.14 0.36 0.29 0.43 
Dry Canst. 0.25 0.20 - - 0.20 0.10 0.20 - 0.10 0.10 0.10 
Moist Con. - 0.25 0.25 0.25 - - 0.30 0.40 0.20 
Darkening 0.50 0.25 0.00 - 0.00 0.50 0.25 0.25 0.00 0.25 0.25 0.63 0.25 0.25 
Lightening - O.OB - - 0.17 
pH Deer. 0.63 0.34 0.20 0.20 0.14 0.63 0.40 0.26 0.20 0.20 0.06 0.34 0.23 0.29 

sum Norm. 2.42 2.5B 2.50 2.B6 1.47 2.34 2.16 2.3B 1.37 1.75 0.B4 1.90 1.29 1.93 
# PIOO. 8 8 8 B B 8 8 B B 8 8 7 7 B 
sumLNumber 0.30 0.32 0.31 0.36 O.lB 0.29 0.27 0.30 0.17 0.22 0.11 0.27 O.lB 0.24 
Horizon In. 6.05 4.84 3.13 5.36 11.0 2.93 2.70 5.36 2.06 2.19 6.30 4.07 2.21 2.17 

Profile Index 30.41 21.54 
Weighted Index 0.253 O.lBO 



TABLE 04--COntinued 

PROFILE INDEX DATA 

Site (Grey River) 
So11 (Ter. 3) Terrace 4 
Horizon Bw2 Cox Ah AB EM1 Bw2 Cox 
Thickness 8 14 8 7 7 8 14 

Quantified 
Rubification 20 10 20 20 0 0 0 
Gleying 
Texture 15 0 30 30 30 20 20 
Cobble Weath. 
Coatings 0 0 0 0 0 0 0 
Clay Films 
Structure 30 40 25 30 45 40 0 
Dry Consist. 10 20 10 10 15 20 25 
M:3ist Cons. 
Darkening 10 0 60 30 0 10 0 
Lightening 
pH Decrease 0.5 1.0 0.8 0.5 0.5 0.5 0.5 

Normalized 
Rubif1cation 0.14 0.07 0.14 0.14 0.00 0.00 0.00 
Gleying 
Texture 0.17 0.00 0.33 0.33 0.33 0.22 0.22 
Cobble Weath. 
Coatings 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Clay Films 
structure 0.43 0.S7 0.36 0.43 0.64 0.57 0.00 
Dry Consist. 0.10 0.20 0.10 0.10 O.lS 0.20 0.25 
M:3ist Cons. 
Darkening 0.13 0.00 0.75 0.38 0.00 0.13 0.00 
Lightening 
pH Decrease 0.14 0.29 0.23 0.14 0.14 0.14 0.14 

SUm Normalized 1.11 1.13 1.91 1.52 1.26 1.24 0.61 
# Pl00erties 7 7 7 7 7 7 7 
SUm~Nurnber 0.16 0.16 0.27 0.22 0.18 0.18 0.09 
Horizon Index 1.27 4.20 2.18 1.52 1.26 1.42 1.22 

Profile Index 13.92 
Weighted Index 0.199 

7.60 
0.173 
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APPENDIX E 

SOIL CHEMIOAL DATA 

Soil chemical analyses included major element am Zr analysis 

by X-ray fluorescence (XRF) and extraction of iron and aluminum by 

acid oxalate with measurement by atanic absorption (AA). This appendix 

presents a SUJJIDa1'Y of the laboratory procedures used in the chemical 

analyses, canputational procedures used in the normalization of the 

data, and lists of chemical data. Field sampling methods are SUJmIal'ized 

in Chapter 2. 

Analytical Procedures 

Both XRF and axalate-extraction analyses involve the use of 

dried, crushed soil samples, so initial sample preparation teclmiques 

are identical. The fo11CMing steps are involved: 1) partlyoven-dry 

the sample at low temperature (ca. 80°0); 2) isolate the <2 mm soil 

fraction using dry sieving, including scraping clay and other coatings 

fran the pebbles and cobbles; 3) fullyoven-dry the <2 mm fraction 

at low temperature for several hours; 4) obtain about 5-10 9 of sample 

using sample splitters; and 5) crush sample to pass 80 mesh sieve. 

Additional procedures differ for the two analytical teclmiques and 

are described separately in the following paragraphs. 
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XRF Analysis 

The following five-step procedure was used to prepare fused 

glass disks of soil samples for XRF analysis. Fused disks were utilized 

because an increased analytical precision and accuracy are available 

using this technique rather than other sample prepaJ."'ation techniques, 

although this approach is particularly time-consuming. 

1. ~1eigh out 1.000 9 sample, 0.100 9 ~3 (to oxidize all 

iron in the sample), and 9.000 9 lithium tetraborate as a binder for 

the disk. 

2. Mix the three chemicals, using a glass mixing bead to 

limi t the contamination by metals, especially Fe and Al. 

3. Mel t in platinum crucible over bunsen burner at approxi

mately 1500°0. Burn at least 20 minutes after melting, stirring occa

sionally. This is interded to drive off H20 and organic matter as 

CO2. For some samples at least 45 minutes canbustion was needed, 

and not all carbon or water was driven off. This was particularly 

true for organic-rich shallow horizons of West Coast soils. 

4. Pour into platinum mold to form analytical surface. 

5. Cool slowly in mold W'ltil glass sets, then remove fran 

mold and cool disk slowly, preferably overnight. 

The disks then were analyzed on a Rigaku 3064 Dataflex XRF 

analyzer by J. Husler and J. 0' Brien, Department of Geology, University 

of New Mexico. Results are reported as oxide percentages of original 

soil material. Where organic carbon is high, these percentages total 

to less than 100. 



oxalatp. Extraction and Analysis 

Five steps were used to prepare the oxalate extraction. An 

additional six steps were used in the analysis the extracts by AA 

for amount of Feo and Ale. 
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1. Remove magnetite fran crushed sample using a small magnet. 

oxalate extraction removes iron in magnetite (McKeague am others, 1911) 

as well as poorly-ordered oxyhydroxi~. A small amomlt of magnetite in 

the sample can mask the horizon- or time-varying changes in extractable 

Fe, so the magnetite is removed. 

2. Weigh out about 100 mg crushed sample into centrifuge tube. 

This is done twice for each soil sample to ~ reproducibility 

of results. 

3. Add 20 ml NH40x extracting solution. The extracting solu

tion is formed by mixing 350 ml O. 2M amnoni\.Dll oxalate with 218 ml 

O.2M oxalic acid. 

4. Shake samples in darkness for four hours. 

5. Centrifuge samples for 10 minutes at 1500-2000 rpn. 

6. Remove a 10 ml aliquot of the ~late extract. 

1. Add 1.1 ml KCI-HCl mixture, which is formed by mixing 

38.2 gil KCl in 6N HCI. Mix thoroughly. This addition has two pur

poses: HCl is used to provide the same acid mixture as the standards 

that were used in the analysis; KCl is added as an ionization buffer 

to suppress ionization of the element being determined (Ure, 1983). 

Wi thout this buffer, base ionization is possible during analysis by 

AA, and analytical results will be skewed. 
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8. Set appropriate absorption wavelength on AA for the element 

being measured and measure percent absorption for samples. A Perkins

Elmer 303 AA with Hitachi 165 recorder was utilized for this work, and 

a nitrous oxide/acetylene flame was used. Analyses were conducted at 

the Department of Geology, University of New Mexico, with the guidance 

of 3. Busler. 

9. Analyze percent absorption for starXlards. The following 

staOOards were used: 0.1 g tJNM B-1 with 163.8 pg/ml A1203 and 

90.4 pg/ml Fe203; 0.2 g ~ B-1 with twice the concentration of each 

element; and a 1: 10 dilution of the second standard. StaD:3ards were 

remeasured after about every 10 unknowns to aCCOWlt for changes in 

readings due to machine drift and changing temperature and gas mixture. 

10. An absorption calibration curve is constructed fran the 

standard data. An example is provided in Figure E1. Readings of 

% absorption drift with time, so a family of curves generally is used. 

Amounts of FE!203 or A1203 in pg/ml for the oxalate extracts are obtained 

directly from these curves, given the percent absorption for each 

of the unknowns. 

11. o:xalate-extracted % Fe203 (Fee) and % A1203 (Alo) are 

calculated by reference to the original extraction procedure. The 

resul ts in pg/ml are converted to pg of the aliquot sample by mu1 tiply

ing by 11.1 ml, the volume of the aliquot. This value then is divided 

by the mass in pg of the original sample. The original sample was 

100 JIIQ' in a 20 ml solution, but only half of this sample (10 ml) was 

used in the analysis, so the initial weight of 100 JIIQ' is halved. 
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The complete equation is 

Alo = pg/ml Al203 x 11.1 ml x (1/50 mg) x (1/1000 pg/ml) x 100. 

Canputational Procedures 

Data fran XRF and AA analyses are canpiled in Table El. The 

data are normalized by computing eluvial/illuvial coefficients. Before 

considering this nonnalization of the data, it is important to consider 

the accuracy of the analyses. 

Analytical Accuracy 

Analytical accuracy for the XRF analyses was determined by 

reference to standards used in the XRF measruements. Repeated measure

ments of the standards yields standard errors for individual elements 

ranging from about ±1% for 5i to ±10% for P and MIl. Measurement of 

zirconitnn by XRF is less straight-forward than that of many other 

elements. The fluorescence peak for Zr is very near a secorrlary peak 

for 5r (Wilkins, 1983), and it is necessary to canpensate for this in 

the analysis of Zr. The results for Zr203 obtained in this study 

have been corrected for this interference. 

Analytical accuracy for the AA analyses also was determined by 

reference to standards, and an accuracy of better than ±5% was obtained. 

Duplicate analyses were made of each soil sample, and results generally 

were reproducible to wi thin ±5% or less. 

Ccmputations 

The raw percentage data obtained fran XRF analyses were used to 

compute eluvial/illuvial coefficients, following MUir and Logan (1982). 



In this approach, all data obtained from a particular horizon or sam

pling interval are normalized to an index element relatively inInobile 

in the soil envirorunent I such as Zr or Ti, then normalized to the 

concentration in the parent material. This produces a number greater 

than zero, and when 1 is subtracted and the result multiplied by 100, 

a percentage is obtained. Negative numbers indicate a loss of that 

element relative to parent material while poei tive numbers indicate 
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a relative gain. The reliability of the technique for measuring gains 

and losses in a soil profile is dependent on the accuracies of the 

measurement of the elements u:rder consideration and how well the parent 

material is characterized. The equation for this procedure is: 

EC = ([ CSWXh) / (Sp/Xp)) - 1} x 100 

where % and Sp are the percentages of CCIIlifOlJeIlt S in the horizon 

or sampling interval and parent material, and ~ and Xp are concentra

tions of the index element. The advantage of this approach is that 

mobile portions of total element concentrations are isolated for analy

sis. Eluvial coefficients for the studied soils are presented in 

Table E2, where data are normalized to Zr, and Table E3, where selected 

data are normalized to Ti. 

Data on acid-axalate extractable Fe and Al also can be analyzed 

by normalization to parent material values. These normalizations 

are presented in Table E4. In this case, simple division by parent 

material value was employed, rather than a coefficient approach like 

that of Muir and Logan. Thus values between 0 and 1 show losses rela

tive to the parent material, and values greater than 1 indicate gains. 



SOIL 

Olcuru 
River 
~ 

~ 

OIcarito 

~ 

M!Ih1tah1 

Moeralc1 

Wanaanui 

Buller 
River 
Spear-
grass 

Charwell 
Aggra-
dation 
surface 

TABLE El 

XRF AND AA DATA--PERCENTAGE CCM?OSITION 

DP.PnI 

0-15 
15-35 
35-55 
55-75 
75-95 
95-115 

350 
0-9 
9-19 

20-75 
0-9 
9-40 

40-65 
65-130 
10-15 
15-25 
25-35 
35-50 
0-15 

15-25 
25-45 
45-65 

110-130 
0-10 

10-20 
20-40 
40-55 
55-75 
75-90 
90-110 

110-130 
180-200 

0-15 
15-30 
30-45 
45-65 
65-85 
85-110 

110-130 
240-260 

0-10 
10-25 
25-55 
55-85 

130 
10-30 
30-50. 
50-60 
60-80 

100-120 
120-140 
140-160 
160-180 

PERCENTAGE OXIDE 
51 Al P Ca T1 Fe Na K I'V MIl Zr Pee Alo 

69.80 11.61 0.063 1.21 0.703.562.96 1.20 0.720.0820.0226 1.29 0.44 
74.97 13.32 0.083 1.390.764.293.20 1.50 1.180.0790.0228 1.25 0.85 
73.31 12.98 0.092 1.37 0.72 4.07 3.18 1.51 1.110.081 0.0219 0.47 0.61 
73.92 12.840.066 1.260.68 3.92 3.12 1.51 1.110.0740.02050.930.68 
74.68 13.18 0.099 1.42 0.73 3.91 3.21 1.65 1.180.081 0.0227 0.41 0.36 
73.20 13.17 0.100 1.43 0.81 4.18 3.20 1.65 1.190.086 0.0222 0.48 0.48 
75.95 12.83 0.097 1.37 0.66 3.29 3.28 1.62 1.11 0.070 0.0213 0.37 0.43 
71.67 14.38 0.055 0.74 0.61 4.363.68 1.61 1.140.061 0.0338 0.89 0.40 
70.06 14.19 0.022 0.61 0.70 4.80 2.96 1.76 1.210.060 0.0535 2.00 1.28 
70.49 le.85 0.020 0.70 0.64 4.87 2.89 1.95 1.400.0630.0258 1.79 1.25 
82.95 7.14 0.016 0.56 1.12 1.71 1.40 0.90 0.390.063 0.0863 0.16 0.38 
87.48 6.290.000 0.23 1.03 0.85 1.100.680.180.0490.09050.04 0.70 
73.73 12.160.026 1.24 0.776.10 2.08 1.48 1.030.082 0.0308 4.31 2.50 
75.09 12.060.071 1.52 0.71 3.72 2.79 1.42 0.940.092 0.02890.53 1.09 
68.20 14.47 0.111 1.65 0.91 5.98 2.50 2.25 2.180.110 0.0297 0.86 0.51 
67.60 14.93 0.128 1.67 1.28 6.18 2.49 2.48 1.930.127 0.0278 0.47 0.29 
69.26 14.52 0.126 1.72 1.20 5.81 2.39 2.38 1.980.131 0.0274 0.55 0.31 
70.31 14.11 0.123 1.65 0.96 5.29 2.35 2.27 1.890.121 0.0267 0.50 0.29 
65.33 12.94 0.078 1.64 0.964.202.74 1.680.910.1700.03240.750.49 
67.52 14.460.113 1.760.955.50 2.74 1.95 1.200.1700.0303 1.080.60 
62.39 15.80 0.143 2.88 1.42 11.1 2.04 1.90 1.360.682 0.0334 0.99 0.63 
67.85 14.260.124 2.15 1.05 7.47 2.302.07 1.270.3770.0311 0.930.75 
71.00 14.04 0.126 1.76 0.99 5.75 2.28 2.33 l .• 30 0.1950.02930.920.74 
57.30 13.06 0.108 1.95 0.88 5.46 2.58 1.01 0.690.067 0.0284 3.68 1.33 
60.53 14.560.079 1.990.92 6.04 2.72 1.11 0.870.071 0.0308 3.72 2.20 
60.92 15.440.078 2.03 0.92 6.42 2.91 1.25 1.250.0730.0284 3.402.76 
61.37 16.98 0.091 2.14 0.93 6.60 2.97 1.68 1.730.085 0.0296 3.39 2.95 
62.20 16.78 0.099 2.13 0.95 6.60 2.90 1.89 1.950.097 0.0296 1.29 2.10 
64.20 16.31 0.075 2.44 0.99 6.55 2.90 1.54 1.87 0.094 0.0259 1.53 2.12 
67.29 15.22 0.100 2.51 1.05 5.92 2.97 1.56 1.810.099 0.0263 1.22 1.57 
69.14 14.730.102 2.50 1.08 5.35 3.02 1.47 1.700.100 0.0247 0.670.98 
69.06 14.58 0.115 2.56 1.01 5.76 2.91 1.54 1.700.109 0.0423 1.04 1.06 
78.68 8.89 0.028 0.67 0.64 1.43 2.61 0.63 0.280.064 0.0534 0.27 0.48 
77.49 9.63 0.020 0.71 0.65 1.62 2.80 0.66 0.300.066 0.0329 0.45 0.70 
74.80 9.550.0300.780.70 1.94 2.560.700.360.0700.04970.60 0.93 
74.33 12.03 0.024 1.43 0.77 4.01 2.26 1.12 0.990.145 0.0355 1.11 1.52 
79.58 11.35 0.067 1.70 0.73 3.35 2.55 1.16 0.890.125 0.0330 0.44 0.90 
77.83 10.77 0.105 1.830.71 2.90 2.61 1.080.77 0.1190.03390.21 0.41 
77.25 10.92 0.112 0.92 0.66 3.14 2.59 1.18 0.800.125 0.0331 0.19 0.34 
74.81 12.66 0.134 1.92 0.86 4.23 2.66 1.56 1.150.147 0.0338 0.37 0.59 
62.73 12.22 0.246 1.03 0.60 4.15 1.46 1.43 0.810.076 0.0322 1.89 2.37 
66.94 13.47 0.217 0.61 0.64 4.41 1.39 1.44 0.82 0.085 0.0365 2.36 2.57 
68.17 13.72 0.202 0.64 0.62 4.43 1.66 1.61 0.990.090 0.0330 1.82 2.59 
71.39 14.55 0.143 0.91 0.52 4.14 2.84 2.34 1.260.066 0.0266 0.52 1.35 
71.67 14.24 0.094 1.08 0.54 4.05 2.95 2.26 1.34 0.069 0.0266 0.59 1.40 
59.64 13.86 0.140 0.99 0.69 4.48 2.36 2.05 0.99 0.075 0.0299 1.60 1.95 
62.55 15.59 0.142 0.91 0.75 4.97 2.46 2.12 1.120.074 0.0300 1.21 2.26 
62.06 15.39 0.143 0.93 0.75 5.00 2.72 2.15 1.140.0730.0299 1.81 2.75 
56.88 16.50 0.177 0.99 0.79 5.24 2.60 2.32 1.400.0760.0266 1.52 4.75 
64.37 16.43 0.158 1.32 0.72 5.09 3.17 2.65 1.480.090 0.0267 0.86 2.19 
66.40 16.59 0.126 1.29 0.71 5.063.15 2.60 1.450.0900.02620.79 1.63 
66.62 16.49 0.126 1.28 0.70 5.06 3.12 2.62 1.420.081 0.0270 0.75 1.09 
67.56 16.40 0.1271.270.704.88 3.16 2.67 1.390.081 0.0281 0.670.85 
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SOIL 

(Charwell) 
Terrace 

1 

Terrace 
3 

Terrace 
7 

Terrace 
11 

Young 
tan 

Terrace 
2 

Terrace 
4 

Terrace 
5 

Branch 
River 
~
tien 
Surface 

DEPTH 

10-30 
30-50 
50-70 
70-90 
90-110 

110-130 
>250 
10-30 
30-50 
50-70 
70-90 
90-110 

200 
10-30 
30-50 
50-70 
70-90 
>200 
10-30 
30-50 
50-70 
70-90 
90-110 

110-130 
250 
0-10 

10-20 
20-40 
10-30 
30-50 
50-70 
70-90 
90-110 

110-130 
>150 
10-30 
30-50 
50-70 
70-90 
90-110 
>250 
10-30 
30-50 
50-70 
70-90 
10-30 
30-50 
50-70 
70-90 
10-30 
30-50 
50-70 
70-90 
90-110 
>175 

TABLE El-COntinued 

PERCENTAGE OXIDE 
51 Al P ca T1 Fe Na K MIl MIl Zr Feo Ale 

64.6B 14.43 0.104 0.90 0.63 4.07 2.48 2.03 0.97 0.069 0.0319 1.85 1.92 
65.81 16.360.0880.790.734.802.53 2.03 1.12 0.0690.0319 2.58 2.58 
56.77 19.620.1500.691.10 7.09 2.11 1.93 1.67 0.0750.02773.06 6.42 
62.76 17.35 ~096 0.96 0.83 5.86 2.90 2.36 1.63 0.0780.02863.444.42 
62.72 17.230.187 1.13 0.83 5.992.85 2.53 1.68 0.0800.02592.592.65 
64.24 17.350.0730.890.78 5.78 2.81 2.43 1.54 0.0780.0292 1.09 1.65 
66.66 16.38 0.127 1.520.73 5.02 3.09 2.63 1.47 0.0970.0265 1.79 1.36 
58.75 13.73 0.200 1.14 0.68 4.19 2.50 2.16 1.02 0.086 0.0280 1.30 1.10 
59.32 16.480.212 0.90 0.86 5.68 2.33 2.15 1.25 0.077 0.0289 1.97 3.76 
57.0816.570.1961.00 0.875.812.452.41 1.54 0.0790.02722.06'3.73 
63.79 16.96 0.189 1.29 0.77 5.54 2.93 2.64 1.66 0.082 0.0254 1.65 2.64 
64.86 16.910.156 1.32 0.74 5.32 3.12 2.69 1.60 0.081 0.0267 1.31 2.06 
65.52 17.130.125 1.270.71 5.253.00 2.65 1.53 0.0800.02550.960.88 
61.52 14.25 0.258 1.41 0.67 4.55 2.85 2.38 1.14 0.084 0.0269 1.41 1.17 
64.82 16.060.211 0.530.75 5.37 3.11 2.58 1.53 0.0780.0255 1.45 1.51 
65.45 15.91 0.211 0.71 0.75 5.40 3.21 2.68 1.63 0.080 0.0259 1.56 1.69 
65.15 15.800.201 1.700.73 4.79 3.17 2.59 1.54 0.0800.0255 1.36 1.34 
67.44 15.91 0.131 1.60 0.70 4.58 3.18 2.75 1.51 0.0770.0266 1.74 1.19 
60.57 14.61 0.158 1.400.72 4.97 2.76 2.25 1.35 0.0870.0265 1.17 1.21 
63.68 16.22 0.120 1.46 0.77 5.91 2.94 2.51 1.64 0.0800.0251 1.93 2.16 
64.29 16.70 0.159 1.59 0.79 5.98 3.04 2.67 1.81 0.082 0.0266 2.33 2.32 
63.47 16.29 0.141 1.66 0.77 5.92 3.09 2.63 1.69 O.OBl 0.0251 1.54 1.86 
64.50 16.350.146 1.680.79 5.83 3.11 2.71 1.78 0.082 0.0259 1.29 1.70 
64.93 16.140.1301.780.85 5.63 3.15 2.68 1.67 0.084 0.0270 1.55 1.33 
64.59 16.570.142 1.770.78 5.90 2.97 2.77 1.78 0.0870.0249 1.68 1.33 
55.11 14.07 0.378 2.11 0.67 4.57 2.37 2.41 1.37 0.100 0.0219 0.93 1.11 
59.78 15.63 0.290 2.06 0.74 5.43 2.71 2.67 1.57 0.0980.02450.94 1.03 
62.25 16.460.221 2.01 0.82 5.72 2.85 2.72 1.71 0.0950.0255 1.17 1.56 
66.19 14.07 0.206 0.51 0.62 4.53 1.86 2.33 1.09 0.087 0.0353 0.90 1.59 
67.21 14.96 0.220 0.54 0.66 4.92 1.92 2.49 1.20 0.091 0.0343 1.10 1.72 
66.29 15.80 0.346 0.56 0.77 5.50 1.89 2.63 1.31 0.096 0.0323 1.48 1.56 
66.55 15.41 0.271 0.56 0.68 4.95 2.00 2.55 1.22 0.089 0.0346 0.98 1.88 
66.28 15.84 0.250 0.75 0.68 4.87 2.29 2.71 1.39 0.081 0.0315 0.80 1.72 
67.16 16.14 0.164 0.92 0.65 5.19 2.65 2.85 1.51 0.075 0.0276 1.12 1.43 
66.02 16.260.2290.730.70 5.07 2.27 2.70 1.47 0.0790.03100.69 1.65 
64.73 13.540.2280.650.65 4.45 2.01 2.35 1.03 0.0790.0335 1.58 1.21 
65.65 14.81 0.2390.750.63 4.64 2.21 2.49 1.19 0.073 0.0239 0.95 1.68 
65.99 15.250.2190.850.62 4.81 2.47 2.60 1.30 0.070 0.0297 0.75 1.50 
66.64 15.04 0.216 0.82 0.64 4.49 2.33 2.55 1.25 0.071 0.0300 0.67 1.34 
67.62 15.160.1830.84 0.62 4.71 2.42 2.60 1.30 0.0700.02930.66 1.14 
63.14 17.980.0550.90 0.84 6.62 2.463.13 2.00 0.095 0.0176 1.24 0.82 
65.72 13.89 0.226 0.86 0.60 4.34 2.31 2.50 1.15 0.080 0.0336 1.30 1.06 
66.23 14.80 0.190 0.97 0.63 4.70 2.47 2.63 1.32 0.076 0.0313 0.79 1.02 
68.20 15.14 0.157 1.03 0.65 4.81 2.53 2.68 1.43 0.073 0.0288 0.64 0.69 
68.24 15.85 0.114 1.02 0.66 5.11 2.52 2.84 1.52 0.073 0.0290 0.52 0.56 
68.07 14.72 0.108 1.01 0.63 4.43 2.52 2.56 1.26 0.086 0.0246 1.14 0.49 
68.01 15.62 0.137 1.03 0.68 4.08 2.60 2.65 1.32 0.065 0.0350 0.97 0.81 
67.73 13.72 0.182 0.99 0.63 3.97 2.21 2.29 1.12 0.062 0.0313 1.54 1.05 
70.20 15.43 0.092 0.98 0.65 4.28 2.48 2.77 1.41 0.0690.02990.800.62 
66.93 14.50 0.163 0.46 0.74 5.04 1.54 1.27 0.80 0.087 0.0465 2.13 2.18 
64.13 15.43 0.143 0.52 0.71 4.94 1.84 1.68 1.01 0.074 0.0390 1.79 2.85 
67.68'15.510.106 0.92 0.70 5.25 2.53 2.26 1.510.0790.02631.241.92 
67.83 15.24 0.134 1.15 0.68 5.39 2.76 2.33 1.54 0.081 0.0265 0.76 1.23 
68.07 15.35 0.128 1.04 0.68 5.20 2.86 2.32 1.52 0,084 0.0262 0.84 1.69 
69.43 15.19 0.117 1.18 0.69 5.28 2.84 2.39 1.51 0.082 0.0269 1.02 1.27 

428 



SOIL 

(Branch) 
Terrace 

1 

Terrace 
3 

Terrace 
5 

Terrace 
6 

DEPTH 

10-30 
30-50 
50-70 
70-90 
>150 
10-20 
20-35 
35-55 
55-75 
>150 
10-20 
20-40 
40-60 
60-80 

200 
10-30 
30-50 
50-70 
70-90 

130-150 

TABLE El--COntinued 

PERCENTAGE OXIDE 
51 Al. P Ca T1 Fe Na K ~ Mn Zr Feo AlD 

64.79 14.790.178 0.49 0.70 4.91 1.54 1.280.85 0.0690.04162.403.19 
61.57 15.21 0.149 0.59 0.69 4.77 1.96 1.83 1.07 0.0700.0350 1.74 3.59 
66.11 15.53 0.128 0.89 0.70 5.33 2.38 2.14 1.43 0.079 0.0297 0.79 2.17 
68.67 15.130.118 1.190.69 5.25 2.73 2.38 1.57 0.083 0.0272 0.51 1.27 
68.12 15.580.187 1.21 0.71 5.25 2.63 2.30 1.49 0.0830.02700.87 1.39 
65.81 12.880.192 0.74 0.65 4.22 1.94 1.660.89 0.091 0.0415 1.34 1.14 
66.63 14.370.2150.55 0.72 4.99 1.62 1.270.87 0.0790.0423 1.65 1.80 
64.99 15.030.157 0.550.71 5.12 1.74 1.57 1.01 0.0740.0397 1.77 2.37 
68.22 15.13 0.095 0.85 0.64 4.82 2.55 2.37 1.37 0.078 0.0307 0.64 1.63 
69.83 15.47 0.121 1.29 0.70 5.17 2.84 2.49 1.58 0.087 0.0269 0.56 0.99 
64.96 13.83 0.153 0.59 0.66 4.44 1.99 1.56 0.88 0.085 0.0435 1.60 1.19 
65.83 15.52 0.128 0.55 0.73 4.87 2.00 1.76 1.12 0.079 0.0386 1.29 1.50 
65.12 15.63 0.117 0.86 0.77 5.21 2.31 2.18 1.42 0.081 0.0324 1.29 2.40 
66.03 15.480.101 0.92 0.73 5.44 2.44 2.19 1.460.0800.0316 1.12 1.90 
69.89 14.730.110 1.360.66 5.00 2.88 2.34 1.52 0.083 0.0262 0.58 1.01 
68.43 15.39 0.050 0.58 0.67 4.95 2.35 2.06 1.22 0.070 0.03ijl 0.92 0.88 
68.83 15.34 0.086 1.10 0.70 5.27 2.69 2.26 1.49 0.084 0.0289 0.66 0.68 
69.20 15.27 0.056 0.83 0.70 5.23 2.68 2.14 1.44 0.078 0.0303 0.76 0.59 
69.33 14.94 0.086 1.290.71 5.25 2.80 2.37 1.550.0840.02650.800.67 
69.15 14.700.110 1.370.69 5.23 2.91 2.32 1.540.0860.02660.96 1.08 

429 



SOIL DEPTH 

Buller 5 
Spear- 18 
grass 40 

70 
Charwell 20 

Aggrada- 40 
tion 55 

SUrface 70 
110 
130 
150 

Terrace 20 
1 40 

60 
80 

100 
120 

Terrace 20 
3 40 

60 
80 

100 
Terrace 20 

7 40 
60 
80 

TABLE E2 

ELUVIAL COEFFICIENTS ~ XRF DATA, NORMALIZED TO ZR 

ELUVIAL COEFFICIENTS, ELmw1ENT OXIDES 
~ n p ~ ti ~ ~ K ~ ~ 

-27.70 -29.11 141.93 -21.22 -8.21 -15.35 -59.12 -47.73 -50.06 -9.01 
-31.93 -31.06 88.26 -58.84 -13.63 -20.65 -65.66 -53.57 -55.40 -10.22 
-23.33 -22.34 93.84 -52.33 -7.45 -11.83 -54.64 -42.58 -41.05 -6.54 
-0.39 2.18 70.24 -15.74 -3.70 2.22 -3.73 3.54 -5.97 -4.35 

-17.04 -20.58 3.60 -27.48 -7.36 -13.72 -29.81 -27.84 -33.06 -12.98 
-13.28 -11.02 4.73 -32.88 0.36 -4.61 -27.08 -25.63 -24.53 -14.43 
-13.67 -11.87 5.82 -31.18 0.69 -3.71 -19.11 -24.32 -22.92 -15.30 
-11.06 6.28 47.23 -17.65 19.22 13.43 -13.08 -8.21 6.40 -0.88 

0.27 5.44 30.93 9.39 8.25 9.56 5.58 4.46 12.06 3.94 
5.41 8.49 6.41 8.94 8.78 11.21 6.91 4.44 11.88 5.93 
2.63 4.58 3.25 4.89 4.07 7.91 2.76 2.13 6.32 4.07 

-19.39 -26.82 -31.97 -50.81 -28.31 -32.65 -33.33 -35.88 -45.18 -40.91 
-17.99 -17.03 -42.44 -56.82 -16.93 -20.57 -31.98 -35.88 -36.71 -40.91 
-18.53 14.59 12.99 -56.57 44.16 35.01 -34.67 -29.80 8.68 -26.03 
-12.76 -1.86 -29.96 -41.48 5.35 8.16 -13.04 -16.86 2.74 -25.49 
-3.73 7.63 50.66 -23.94 16.33 22.09 -5.63 -1.57 16.93 -15.62 

-12.54 -3.87 -47.83 -46.86 -3.03 4.49 -17.47 -16.15 -4.92 -27.02 
-18.34 -27.00 45.71 -18.25 -12.78 -27.32 -24.11 -25.77 -39.29 -2.10 
-20.11 -15.11 49.65 -37.47 6.88 -4.54 -31.47 -28.41 -27.91 -15.07 
-18.33 -9.31 47.00 -26.18 14.88 3.75 -23.44 -14.74 -5.64 -7.42 
-2.26 -0.60 51.80 1.97 8.88 5.94 -1.95 0.01 8.92 2.90 
-5.46 -5.72 19.19 -0.73 -0.46 -3.23 -0.67 -3.05 -0.12 -3.30 
-9.80 -11.43 94.75 -12.86 -5.35 -1.76 -11.38 -14.42 -25.35 7.88 
0.26 5.30 68.02 -0.25 11.76 22.31 2.02 -2.13 5.70 5.67 

-0.33 2.70 65.42 9.76 10.04 21.09 3.67 0.09 10.86 6.70 
0.77 3.59 60.05 10.83 8.78 9.10 3.99 -1.76 6.39 8.38 



SOIL DEPTH 

(Charwell) 20 
Terrace 40 

11 60 
80 

100 
120 

Young 5 
fan 15 

Saxton 20 
Terrace 40 

1 60 
80 

100 
120 

Terrace 20 
2 40 

60 
80 

100 
Ter. 2 20 
normal.- 40 
ized to 60 
100 em 80 

Terrace 20 
4 40 

60 
Terrace 20 

5 40 
60 

TABLE E2---Gont1nued 

ELUVIAL COEFFICIENTS, ELPlt!ENT OXIDES 
~ n p ~ ti ~ ~ K ~ ~ 

-11.89 -17.15 4.55 -25.68 -13.27 -20.85 -12.68 -23.68 -28.74 -6.04 
-2.19 -2.89 -16.17 -18.17 -2.07 -0.63 -1.80 -10.11 -8.60 -8.78 
-6.83 -5.66 4.82 -15.91 -5.19 -5.12 -4.18 -9.77 -4.81 -11.77 
-2.52 -2.47 -1.50 -6.96 -2.07 -0.46 3.21 -5.81 -5.81 -7.64 
-3.99 -5.14 -1.15 -8.75 -2.63 -5.00 0.67 -5.94 -3.86 -9.39 
-7.29 -10.17 -15.57 -12.99 -11.32 -12.00 -2.19 -10.77 -13.48 -10.96 
3.08 -0.47 99.16 22.23 -4.86 -6.97 -3.17 3.17 -6.71 22.57 

-0.05 -1.17 36.58 6.67 -6.07 -1.20 -1.03 2.17 -4.44 7.37 
-11.96 -24.01 -21-00 -38.65 -22.22 -21.53 -28.04 -24.22 -37.88 -3.29 
-7.99 -16.85 -13.17 -33.14 -14.79 -12.29 -23.56 -16.65 -26.22 4.11 
-3.63 -6.74 45.01 -26.38 5.57 4.12 -20.09 -6.51 -14.47 16.63 
-9.69 -15.09 6.03 -31.27 -12.96 -12.53 -21.06 -15.38 -25.64 0.94 
-1.20 -4.13 7.44 1.11 -4.40 -5.47 -0.72 -1.22 -6.94 0.90 
14.26 11.49 -19.56 41.55 4.30 14.98 31.12 18.56 15.38 6.63 

-46.14 -60.44 -49.59 -62.06 -59.35 -64.68 -57.07 -60.56 -72.94 -56.31 
-23.43 -39.34 -99.02 -38.63 -44.77 -48.39 -33.84 -41.42 -56.18 -43.41 
-38.07 -49.74 -99.28 -44.03 -56.26 -56.94 -40.50 -50.78 -61.48 -56.34 
-38.13 -50.93 -99.30 -46.55 -55.30 -60.21 -44.43 -52.20 -63.33 -56.15 
-35.67 -49.65 -99.39 -43.94 -55.66 -57.26 -40.91 -50.10 -60.96 -55.74 
-16.28 -21.88 8.97 -32.32 -8.31 -17.37 -27.36 -20.95 -30.70 -1.29 

19.02 19.76 60.11 9.46 24.57 20.77 11.96 17.41 12.22 27.85 
-3.72 -0.76 18.06 -0.17 -1.36 0.75 0.69 -1.35 -1.35 -1.35 
-3.82 -3.30 15.20 -4.66 0.82 -6.90 -5.97 -4.21 -6.09 -0.94 

-16.88 -24.36 71.10 -27.23 -21.54 -26.70 -20.88 -24.02 -34.70 -5.41 
-10.08 -13.49 54.42 -11.89 -11.56 -14.78 -9.19 -14.20 -19.54 -3.54 

0.64 -3.82 38.68 1.68 -0.83 -5.22 1.09 -4.98 -5.27 0.69 
17.86 15.95 42.68 25.27 17.80 25.80 9.31 12.33 8.61 51.49 

-17.24 -13.52 27.21 -10.21 -10.63 -18.56 -10.44 -18.27 -20.02 -19.52 
-7.83 -15.06 88.98 -3.50 -7.41 -11.39 -14.87 -21.03 -24.12 -14.16 



SOIL DEPTH 

Branch 20 
Aggrada- 40 
tion 60 
SUrface 80 

100 
Terrace 20 

1 40 
60 
80 

Terrace 15 
3 28 

45 
65 

Terrace 15 
5 30 

50 
70 

Terrace 20 
6 40 

60 
80 

TABLE E2-continued 

ELUVIAL roEFFICIENTS, ELP1t1EN'1' OXIDES 
M M P ~ n ~ ~ K ~ ~ 

-44.23 -44.78 -19.41 -77.45 -37.96 -44.78 -68.63 -69.26 -69.35 -38.62 
-36.29 -29.94 -15.70 -69.60 -29.03 -35.47 -55.31 -51.52 -53.86 -7.70 
-0.30 4.44 -7.33 -20.26 3.76 1.70 -8.38 -3.28 2.28 -1.46 
-0.83 1.84 17.99 -1.07 0.04 3.62 -1.35 -1.04 3.53 0.27 
0.66 3.75 12.32 -9.51 1.18 1.12 2.31 -0.34 3.35 5.18 

-38.27 -38.39 -38.22 -73.72 -36.01 -39.30 -62.00 -63.88 -62.97 -46.04 
-30.27 -24.69 -38.53 -62.38 -25.03 -29.91 -42.51 -38.62 -44.60 -34.94 
-11.77 -9.38 -37.77 -33.13 -10.37 -7.71 -17.73 -15.42 -12.75 -13.47 

0.07 -3.60 -37.36 -2.38 -3.53 -0.74 3.04 2.72 4.59 -0.74 
-38.91 -46.03 2.85 -62.82 -39.81 -47.09 -55.72 -56.79 -63.49 -32.20 
-39.32 -40.93 13.00 -72.89 -34.59 -38.62 -63.72 -67.56 -64.98 -42.25 
-36.94 -34.17 -12.08 -71.11 -31.27 -32.90 -58.49 -57.28 -56.69 -42.37 
-14.40 -14.30 -31.21 -42.26 -19.89 -18.31 -21.33 -16.60 -24.02 -21.44 
-44.02 -43.45 -16.23 -73.87 -39.77 -46.52 -58.38 -59.85 -65.13 -38.32 
-36.07 -28.48 -21.02 -72.55 -24.93 -33.89 -52.86 -48.95 -49.99 -35.40 
-24.65 -14.20 -13.99 -48.87 -5.66 -15.74 -35.14 -24.66 -24.46 -21.08 
-21.67 -12.87 -23.87 -43.91 -8.29 -9.79 -29.76 -22.40 -20.36 -20.09 
-30.59 -26.91 -68.27 -70.44 -32.21 -33.92 -43.62 -38.01 -44.69 -43.17 
-7.96 -3.95 ~28.04 -26.10 -5.29 -7.25 -14.92 -10.34 -10.95 -10.10 

-11.74 -8.81 -55.31 -46.81 -9.67 -12.21 -19.15 -19.02 -17.91 -20.38 
1.11 2.02 -21.52 -5.48 3.29 0.76 -3.42 2.54 1.03 -1.96 



TABLE E3 

ELtNIAL COEFFICIENTS FRCM XRF DATA, NORMALIZFD TO TI· 

SOIL DEPTH ELUVIAL COEFFICIENTS, ELEMENT OXIDES 
M n p ~ ~ ~ K ~ ~ 

Okuru 8 -13.35 -14.68 -38.16 -16.73 2.02 -14.91 -30.16 -38.84 10.45 
25 -14.28 -9.84 -25.69 -11.89 13.24 -15.28 -19.59 -1.68 -1.99 
45 -11.52 -1.26 -13.06 -8.33 13.40 -11.13 -14.56 -8.33 6.01 
65 -5.54 -2.81 -33.96 -10.13 15.64 -1.68 -9.53 -2.94 2.61 
85 -11.10 -1.12 -1.12 -6.29 1.95 -11.52 -1.91 -3.89 4.62 

105 -21.41 -16.36 -16.00 -14.95 3.52 -20.51 -11.01 -12.65 0.11 
WOmbat 5 19.99 14.30 -40.01 -51.39 3.96 44.19 -23.99 -13.19 -40.00 

15 11.29 -1.11 -81.90 -69.39 -0.26 1.49 -21.59 -19.11 -48.51 
48 2.84 12.50 -82.00 -61.59 1.19 8.38 -12.25 1.61 -40.94 

Okarito 5 -24.36 -69.09 -91.11 -82.44 -11.19 -10.00 -16.86 -83.82 -66.25 
25 -13.26 -10.39 -100.0 -92.16 -88.00 -14.31 -80.99 -91.88 -11.46 
53 -2.21 -23.43 -80.55 -43.44 15.23 -32.05 -44.64 -31.86 -36.10 
98 8.01 -11.64 -42.40 -24.81 -23.19 -5.69 -42.40 -38.50 -22.25 

Mahitahi 8 -6.01 -5.91 -36.81 -4.88 -25.43 22.68 -26.39 -36.39 -11.00 
20 -1.90 6.24 -1.49 3.16 -1.33 23.91 -13.61 -4.18 -10.01 
55 -10.81 -5.20 -8.15 14.02 21.25 -5.85 -11.08 -8.82 80.44 

Mberaki 5 -4.11 2.81 1.19 -12.58 8.19 1.76 -24.73 -54.09 -29.45 
15 -3.18 9.63 -24.58 -14.66 15.12 2.61 -20.81 -43.82 -28.49 
30 -3.16 16.26 -25.54 -12.95 22.36 6.01 -10.89 -19.28 -26.48 
48 -3.49 26.48 -14.06 -9.22 25.19 10.84 18.48 10.52 -15.31 
65 -4.24 22.36 -11.12 -11.54 21.82 5.95 29.19 15.10 -15.14 
83 -5.16 14.13 -33.41 -2.16 16.01 1.61 2.02 12.22 -12.02 

100 -6.21 0.41 -16.36 -5.69 -1.14 -1.83 -2.56 2.41 -13.52 



SOIL 

Buller 
Spear
grass 

Saxton 
Terrace 

1 

Terrace 
2 

Terrace 
4 

Terrace 
5 

TABLE E3-~tinued 

DEPTH ELUVIAL OOEFFICIFNrS, EL9!ENT OXIDES 
M n p ~ ~ ~ K ~ ~ 

8 41.33 -5.64 -71.92 -53.11 -54.57 31.85 -45.73 -67.28 -41.50 
23 34.97 -0.88 -80.55 -51.82 -50.10 37.16 -44.87 -66.01 -41.50 
38 22.84 -7.32 -72.49 -50.09 -43.65 18.24 -44.87 -61.54 -41.50 
55 10.97 6.13 -80.00 -16.82 5.88 -5.11 -19.81 -3.85 10.17 
75 25.32 5.62 -41.10 4.31 -6.70 12.94 -12.40 -8.83 0.18 
98 26.02 3.04 -5.09 15.45 -16.96 18.85 -16.14 -18.90 -1.95 

120 34.55 11.36 8.91 23.52 -3.27 26.87 -1.44 -9.35 10.80 
5 -21.23 -22.72 163.57 -14.17 -7.78 -55.46 -43.05 -45.60 -0.87 

18 -21.19 -20.19 117.97 -52.24 -8.13 -60.24 -46.24 -48.37 3.94 
40 -17.16 -16.08 109.45 -48.39 -4.73 -50.99 -37.95 -36.30 0.98 
70 3.44 6.11 76.79 -12.50 6.15 -0.03 7.52 -2.3~ -0.67 
20 13.19 -2.30 1.56 -21.12 0.88 -7.49 -2.57 -16.28 24.34 
40 7.97 -2.42 1.89 -21.54 4.43 -10.29 -2.19 -13.42 22.17 
60 -8.72 -11.66 37.36 -30.26 -1.38 -24.31 -11.45 -18.99 10.47 
80 3.77 -2.44 21.81 -21.03 0.50 -9.30 -2.78 -14.57 15.97 

100 3.35 0.28 12.38 5.76 -1.12 3.85 3.32 -2.66 5.55 
120 9.55 6.90 -22.88 35.72 10.24 25.72 13.68 10.62 2.24 

20 32.49 -2.68 435.72 -6.67 -13.13 5.59 -2.97 -33.45 7.47 
40 38.63 9.83 479.39 11.11 -6.55 19.78 6.07 -20.67 2.46 
60 41.60 14.91 439.47 27.96 -1.56 36.03 12.54 -11.94 -0.17 
80 38.42 9.79 415.45 19.58 -10.98 24.31 6.93 -17.97 -1.91 

100 45.10 14.23 350.79 26.45 -3.61 33.28 12.54 -11.94 -0.17 
20 5.94 -3.60 118.07 -7.25 -6.58 0.83 -3.17 -16.78 20.55 
40 1.68 -2.18 74.60 -0.37 -3.64 2.68 -2.98 -9.02 9.07 
60 1.48 -3.01 39.84 2.53 -4.42 1.94 -4.18 -4.47 1.54 
20 0.04 -1.57 21.12 6.33 6.79 4.84 -4.65 -7.80 28.59 
40 -7.39 -3.23 42.34 0.47 -8.88 0.21 -8.55 -10.51 -9.95 
60 -0.46 -8.26 104.11 4.23 -4.30 -8.06 -14.70 -18.05 -7.29 



SOIL DEPTH 

Branch 20 
Aggrada- 40 
tion 60 
SUrface 80 

100 
Terrace 20 

1 40 
60 
80 

Terrace 15 
3 28 

45 
65 

Terrace 15 
5 30 

50 
70 

Terrace 20 
6 40 

60 
80 

TABLE E3--COntinued 

ELUVIAL COEFFICIENTS, ELEJotENT OXIDES 
M n p ~ ~ ~ K ~ ~ 

-10.11 -10.99 29.90 -63.65 -11.00 -49.44 -50.45 -50.60 -1.07 
-10.23 -1.28 18.78 -57.17 -9.07 -37.04 -31.69 -35.00 -12.30 
-3.91 0.65 -10.70 -23.15 -1.99 -12.19 -6.79 -1.43 -5.03 
-0.87 1.80 17.95 -1.11 3.58 -1.39 -1.08 3.49 0.23 
-0.52 2.54 11.01 -10.57 -0.07 1.11 -1.50 2.14 3.95 
-3.53 -3.71 -3.45 -58.93 -5.14 -40.61 -43.55 -42.14 -15.68 
-7.00 0.45 -18.01 -49.83 -6.51 -23.32 -18.13 -26.11 -13.22 
-1.56 1.10 -30.57 -25.40 2.97 -8.21 -5.63 -2.66 -3.46 
3.73 -0.07 -35.07 1.20 2.90 6.Bl 6.48 8.42 2.90 
1.49 -6.00 70.88 -38.22 -12.10 -26.44 -28.21 -39.34 12.64 

-7.23 -9.69 72.75 -58.55 -6.16 -44.54 -50.41 -46.47 -11.72 
-8.24 -4.21 27.92 -57.96 -2.36 -39.60 -37.84 -36.98 -16.14 
6.85 6.97 -14.13 -27.93 1.97 -1.79 4.10 "-5.16 -1.94 

-7.05 -6.11 39.09 -56.62 -11.20 -30.90 -33.33 -42.11 2.41 
-14.84 -4.74 5.21 -63.44 -11.94 -37.21 -32.00 -33.38 -13.95 
-20.14 -9.05 -8.83 -45.80 -10.69 -31.25 -20.15 -19.92 -16.35 
-14.58 -4.99 -16.99 -38.84 -1.63 -23.40 -15.38 -13.16 -12.86 

1.91 7.82 -53.19 -56.40 -2.53 -16.83 -8.56 -18.41 -16.17 
-1.88 2.86 -22.94 -20.86 -0.67 -8.88 -3.98 -4.63 -3.72 
-1.36 2.39 -49.82 -40.28 -1.43 -9.22 -9.08 -7.83 -10.60 
-2.56 -1.23 -24.02 -8.49 -2.45 -6.49 -0.72 -2.19 -5.08 



436 

TABLE E4 

NORMALIZED Feo AND Alo DATA 

Site/Soil Interval Nornalized SiteLSoil Interval Nonnalized 
Feo Alo Feo Alo 

West Coast Buller R. 
Wcmbat 0-9 0.50 0.32 0-10 3.20 1.69 

9-20 1.12 1.02 10-25 4.00 1.84 
20-75 1.00 1.00 25-55 3.08 1.84 

Okarito 0-9 0.30 0.35 55-85 0.88 0.96 
9-40 0.08 0.64 130 1.00 1.00 

40-65 8.13 2.29 Branch R. 
65-130 1.00 1.00 Ag. 10-30 2.09 1. 72 

Okuru 0-15 3.49 1.02 30-50 1.75 2.24 
15-35 3.38 1.98 50-70 1.22 1.51 
35-55 1.27 1.42 70-90 0.75 0.97 
55-75 2.51 1.58 90-110 0.82 1.33 
75-95 1.11 0.84 > 175 1.00 1.00 
95-115 1.30 1.12 T1 10-30 2.76 2.29 

350 1.00 1.00 30-50 2.00 2.58 
Toaroha 10-15 1.12 1. 76 50-70 0.91 1.56 

15-25 0.94 1.00 70-90 0.59 0.91 
25-35 1.10 1.07 > 150 1.00 1.00 
35-50 1.00 1.00 T3 10-20 2.39 1.15 

Mahitahi 0-15 0.82 0.66 20-35 2.95 1.82 
15-25 1.17 0.81 35-55 3.16 2.39 
25-45 1.08 0.85 55-75 1.14 1.65 
45-65 1.01 1.01 > 150 1.00 1.00 

110-130 1.00 1.00 T5 10-20 2.76 1.18 
M:leraki 0-10 3.54 1.25 20-40 2.22 1.49 

10-20 3.58 2.08 40-60 2.22 2.38 
20-40 3.27 2.60 60-80 1.93 1.88 
40-55 3.26 2.78 200 1.00 1.00 
55-75 1.24 1.98 T6 10-30 0.96 0.81 
75-90 1.47 2.00 30-50 0.69 0.63 
90-110 1.17 1.48 50-70 0.79 0.55 

110-130 0.64 0.92 70-90 0.83 0.62 
180-200 1.00 1.00 130-150 1.00 1.00 

Wanganui 0-15 0.73 0.81 Saxton 
15-30 1.22 1.19 Tl 10-30 1.30 0.96 
30-45 1.62 1.58 30-50 1.59 1.04 
45-65 3.00 2.58 50-70 2.14 0.95 
65-85 1.19 1.36 70-90 1.42 1.14 
85-110 0.57 0.69 90-110 1.16 1.04 

110-130 0.51 0.58 110-130 1.62 0.87 
240-260 1.00 1.00 > 150 1.00 1.00 
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TABLE E4--COntinued 

Site/Soil Interval Nonnalized Site/Soil Interval Nonnalized 
Fee Alo Fee Alo 

{Saxton} {Charwell} 
T2 10-30 1.27 1.48 T3 10-30 1.35 1.25 

30-50 0.77 2.01 30-50 2.05 4.27 
50-70 0.60 1.83 50-70 2.15 4.24 
70-90 0.54 1.63 70-90 1.72 3.00 
90-110 0.53 1.39 90-110 1.36 2.34 
> 250 1.00 1.00 200 1.00 1.00 

T4 10-30 1.89 2.50 T7 10-30 0.80 0.98 
30-50 1.82 1.52 30-50 0.83 1.27 
50-70 1.23 1.23 50-70 0.90 1.42 
70-90 1.00 1.00 70-90 0.78 1.13 

T5 10-30 1.89 2.50 > 200 1.00 1.00 
30-50 1.31 1.21 T11 10-30 0.97 0.91 
50-70 1.69 1.93 30-50 1.15 1.62 
70-90 1.00 1.00 50-70 1.39 1. 74 

Charwell 70-90 0.92 1.40 
Ag. 10-30 2.39 2.29 90-110 0.77 1.28 

30-50 1.81 2.66 110-130 0.74 1.00 
50-60 2.70 3.24 250 1.00 1.00 
60-80 2.27 5.59 Fan 0-10 0.79 0.71 

100-120 1.29 2.58 10-20 0.80 0.66 
120-140 1.16 1.92 20-40 1.00 1.00 
140-160 1.12 1.28 
160-180 1.00 1.00 

Tl 10-30 1.03 1.41 
30-50 1.44 1.90 
50-70 1. 71 4.72 
70-90 1.92 3.25 
90-110 1.45 1.95 

110-130 0.61 1.21 
> 250 1.00 1.00 

NOTE: All sampling intervals indicate depth in em below ground surface. 
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APPENDIX F 

TIME-DISPI..ACmt1ENT DIAGRAMS 

This appendix canpiles time-displacement diagrams for the 

study sites. Diagrams for Branch River, Saxton River, and Hope Springs 

Eternal are presented in Chapter 3. 

The diagrams include lateral displacement, total vertical 

displacement, and differential vertical displacement. The first two 

kinds of diagrams are constructed by forming a box around the "best" 

value of age and displacement for a given faulted surface, with the 

dimensions of the box defined by the confidence limits on the age and 

displacement values. Differential displacement diagrams are constructed 

using the difference in displacement value as the ordinate, with a bar 

drawn to mark the uncertainty in differential displacement between two 

geanorphic surfaces, and the difference in ages between two surfaces 

defines the position and length of the horizontal bar. 
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APPENDIX G 

SEISMICITY' DATA 

This appendix canpiles sane of the data used in the DaDellt-

rate analysis in Chapter 4. No table of the seismicity data used in 

the calculations is given: Figure 17 shows the epicenters and the data 

are available from the Geophysics Division, D.S.I.R., New Zealand. Data 

used to cc:mpute the manent-magnitude relationship were mcxlified fran 

Gibowicz and Hatherton (1975). Table G1 presents results of the nanent

rate calculations. Table G2 presents data on the fault-plane solutions 

used to define principal canponents of the moment tensor. 
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TABLE Gl 

RESULTS OF r«:MENT-RATE ANALYSES 

Data Set M:>-M N-M ~ ~ Max m MaDent Rates 
Anderson M:>lnar 

All events 1 1 5.330 0.687 8.5 2.35E27 4.42E27 
wi th magnitudes 8.0 1. 17E27 2.21E27 

7.5 5. 85E26 1.10E27 
2 5.413 0.729 8.5 1.43E27 2.53E27 

5.049 8.0 3. 23E26 5.74E26 
4.684 7.5 7. 29E25 1.30E26 

3 5.551 0.729 8.5 1. 95E17 3.46E27 
8.0 1.02E27 1.82E27 
7.5 5. 35E26 9.52E26 

2 1 5.330 0.687 8.5 1.85E27 3.23E27 
8.0 1.02E27 1.79E27 
7.5 5.63E26 9.92E26 

2 5.413 0.729 8.5 1. 13E27 1. 87E27 
5.049 8.0 2.85E26 4.71E26 
4.684 7.5 7. llE25 1.18E26 

3 5.551 0.729 8.5 1.55E27 2.56E27 
8.0 8.99E26 1.49E27 
7.5 5.20E26 8. 67E26 

3 1 5.330 0.687 8.5 1.85E28 4.04E28 
8.0 7. 26E27 1.58E28 
7.5 2.85E27 6.22E27 

2 5.413 0.729 8.5 1.10E28 2. 27E28 
5.049 8.0 1.96E27 4.D4E27 
4.684 7.5 3.48E26 7. 17E26 

3 5.551 0.729 8.5 1.51E28 3. 12E28 
8.0 6.23E27 1.28E28 
7.5 2.56E27 5.28E27 

Well-located 1 1 6.293 0.960 8.5 2.58E26 3.55E26 
events, 1945-49, 8.0 1.75E26 2.43E26 
1964-82 7.5 1.18E26 1.66E26 

2 5.856 0.818 8.5 9.22E26 1.46E27 
5.447 8.0 2.08E26 3.31E26 
5.038 7.5 4.69E25 7.49E25 

3 5.612 0.818 8.5 5.25E26 8.32E26 
8.0 3.04E26 4.83E26 
7.5 1.76E26 2.81E26 

2 1 6.293 0.960 8.5 2. 27E27 3.03E27 
8.0 1.69E27 2.30E27 
7.5 1.24E26 1.75E26 

2 5.856 0.818 8.5 7.56E26 1.12E27 
5.44'1 0.818 8.0 1.89E26 2.82E26 
5.038 7.5 4.68E25 7.08E25 
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TABLE Gl--COntinued 

Data Set r.t>-M N-M 2. Q. Max gQ M:Jnent Rates 
Anderson ftt>lnar 

(1945-49,1964-82) (2) 3 5.612 0.818 8.5 4.30E26 6. 39E26 
8.0 2.15E26 4.12E26 
1.5 1.15E26 2.65E26 

3 1 6.293 0.960 8.5 1.11E21 2.61821 
8.0 9. 15E26 1.43E21 
1.5 4.90326 1.10E26 

2 5.856 0.818 8.5 6. 19E21 1.25E28 
5.441 8.0 1.21E21 2.21821 
5.038 1.5 2.14E26 3.94E26 

3 5.612 0.818 8.5 3.81821 1.10E21 
8.0 1.16E21 3.24E21 
1.5 8.04E26 1.48E21 

Well-located 1 1 6.896 1.164 8.5 4.15E25 6.81825 
events, 1964-82 8.0 3.91E25 5.95E25 

1.5 3. 19E25 5. 14E25 
2 6.645 0.923 8.5 1.04E21 1.48E21 

6.183 8.0 2.34E26 3.35E26 
5.122 1.5 5.25E25 1.59E25 

3 5.163 0.923 8.5 1.36E26 1.93E26 
8.0 8.81E25 1. 21E26 
1.5 5. 15E25 8.31E25 

2 1 6.896 1.164 8.5 4.92E25 1.50E26 
8.0 4.33E25 1.44E26 
1.5 3. 11E25 1.33E26 

2 6.645 0.923 8.5 8.99E26 1.22E21 
6.183 8.0 2.22E26 3.06E26 
5.122 1.5 5.46E25 1.69E25 

3 5.163 0.923 8.5 1.18E26 1.59E26 
8.0 8.41E25 1. 16E26 
1.5 5.98E25 8.43E25 

3 1 6.896 1.164 8.5 2.41E26 3. 18E26 
8.0 1.62E26 2.16E26 
1.5 1.09E26 1.46E26 

2 6.645 0.923 8.5 1.13E21 1.16E28 
6.183 8.0 1.26E21 2.06E21 
5.122 7.5 2. 25E26 3. 61E26 

3 5.163 0.923 8.5 9. 35E26 1.52E21 
8.0 4.81E26 1.83E26 
1.5 2.41826 4.03E26 

NOTES: All moment rates in dyne_crn2/yr, values raised to exponents. 
twbnent-magn1 tude models: Frequency-magni tude lOOCle1s: 
1. log Mb = 1.29ML + 16.86 1. Least squares regression 
2. log Mb = 1. 20Mr, + 11.45 2. b: max. likelihood; a: max EQ 
3. log M6 = 1.5ML + 16.1 3. b: max. likelihood; a: average 
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TABLE G2 

FAULT-PLANE SOLUTION DATA 

Location Faul t Planes P £ T Axes B Axis Slil2 Vector Source 
Az£ Dip Az Plunge Az Plunge Az Plunge 

1. Clarence 81, 67N 313, 03 046, 54 273, 27 1 
fault NE 03, 63E 220, 36 

2. Clarence 76, 80N 306, 10 056, 63 260, 25 1 
fault sw 350, 65E 210, 26 

3. Awatere 57, 20N 100, 33 358, 18 265, 10 1 
fault sw 355, 80E 244, 52 

4. Maruia 85, 51N 120, 34 324, 52 255, 15 1 
aftershocks 345, 75W 218, 13 

5. Hanmer- 62, 85S 288, 01 017, 83 052, 05 1 
Clarence 332, 85S 017, 07 

6. NE Marl. 77, 80N 122, 12 313, 7'1 076, 07 1 
346, 8SW 212, 04 

7. Fowlers 76, 84N 311, 23 069, 47 263, 50 2 
fault 355, 50E 205, 33 

8. Arthurs 82, 82N 128, 02 019, 81 263, 05 3 
Pass 352, 86E 218, 10 

9. Haast 58, 22S 308, 25 214, 10 120, 20 3 
31, 70W 105, 63 

10. Arthurs 68, 81N 293, 02 071, 08 3 
Pass 338, 80E 203, 08 

11. Hope fault 63, 90 288, 00 90 243, 00 4 
SW 333, 90 198, 00 

12. Torlesse 34, 48S 304, 03 034, 00 304, 42 4 
fault 34, 42N 124, 86 

13. rake Cole- 81, 87N 308, 02 049, 84 261, 06 4 
ridge 351, 85E 216, 08 

14. Haast-Iake 72, 75S 118, 16 236, 46 085, 40 3 
Wakatipu 355, 50W 25, 40 

15. Milford 1976 67, 70S 137, 21 231, 38 089, 46 5 
359, 44W 25, 41 

16. Milford 80, 67S 145, 13 244, 34 086, 14 5 
Sound 1968 19, 42N 24, 54 

17. Big Bay 1974 76, 70S 300, 12 186, 70 077, 02 5 
347, 8SW 34, 16 

NOTES: All data are for lower hemisphere projections. Preferred 
faul t plane listed first. P axis listed first. Only preferred 
slip vector given. All values recomputed from published focal 
mechanisms . SOlutions shcMn in Figure 73. SOlutions 1-14 are 
from microearthquake studies. Sources: 1) Arabasz and Robin-
son, 1976; 2) Kieckhefer, 1976; 3) Scholz and others, 1973; 
4) Rynn and Scholz, 1978; 5) Davey and Smith, 1983. 



APPENDIX H 

GEODETIC DATA 

This appen:tix contains shear strain data fran the geodetic 

nets used in this study. Data are obtained fran several sources, 

as indicated in Table Hl. 

465 



TABLE H1 

SHFAR STRAIN DATA 

Gecxletic Net 'Y1 'Y2 'Y 

'" 
q, 

Pelorus (-0. 14.±<>.10) (-o.06±0.10) (O.15±Q.10) 33±19 78±19 
Wairau -0. 30±.0 .10 0.22±.O.10 0.37±<>.10 63±8 108±8 
Wairau- -0. 38±<>.12 0.27±0.13 0.47±0.12 63±8 108±8 
Awatere 

Awatere fault -o.41±0.14 0.42±0.14 0.59±<> .14 68±8 113±7 
Awatere- (-0. 17±<>. 13) 0.66±0.13 0.68±0.13 83±5 128±5 

Clarence 
Clarence fault -0.51±0.16 0.41±0.16 0.65±0.16 64±7 109±7 
Kaikoura (O.02±<>.11) 0.32±0.11 0.32±0.11 92±10 137±10 
Okarito West (-0. 15±<>.08) 0.19±0.07 0.24±.O.07 71±9 116±9 
Okarito East -0.39±0.06 0.55±0.08 0.67±0.10 72±4 117±4 
Haast 0.51±<>.09 62±5 107±5 
Karangarua 0.67±<>.13 73±5 118±5 
Pukaki -0. 27±<>. 06 0.14±0.06 0.31±0.08 59±7 104±7 
Wairau-Alpine 0.21 41 86 
Awatere- 0.62 48 93 

Clarence West 
Hawarden 0.23 55 100 

NOTES: All strain rates in 10-7/yr or 10 pstrain/yr. Values in 
parentheses are not significantly different from zero at 
the 95% confidence level. Standard deviations not available 
on data fran western Marlborough. Strain rates shown in 
Figures 76 and 77. 

Sources: 1) Bibby, 1981; 2) Walcott, 1978; 3) Walcott, 1979; 
and 4) Bibby and walcott, 1984. 
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