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AB8THACT 

'l"l1t sst udy has examined in more d(::; tai 1 than previous 

studies, and wi thin the f'ramework of the erosion model, the 

physical setting in which tunnel erOSiO{l occurs on Banks 

Peninsula. Two selected parameters were studied in detail 

using (juantitative techniques, th8t ts, slope aspect and 

soil erodibility. 

Turmel er'osion on Banks PenLi[ouls is 13rp;ely a 

culturally induced form of eros ion. j~ur'opean m3.11 di sru}Jted 

the balance between the climate~soil and primitive tussock 

cover by removing this protective cover, allowing the in

creased runoff easier access to the highly erodible parent 

material loess below the compacted ls;yer in the soil. It 

appears most of the tunnel systems on Banks Peninsula today 

may be relict features corresponding to a period of maximum 

pasture deterioration prior to the late 1940's. 



CH!\PT~R ONE INT R.ODUC'rION 

TUNNEL EROSION ON BANKS PENINSULA 

THE UBRAR'1 • 
UN1VE ~lSITY OF CANTERBUR.Y 

CH}l,ISTCHU}l,CH. NZ. 

The loess covered lower slopes of many parts of Banks 

Peninsula are susceptible to tunnel erosion. The physical 

setting in which these tunnels occur, and a theol'etical se-

quence of events fr'om their iui tiation to the fillal stage of 

collapse,has been described by Hoskiilg (1962, 1967). 

Briefly, under cel'tain climatic, topographic, vege-

tatiol1 and soil condi tions, water is able to penetrate 

through the surface soil into the loess beneath, and eventu-

ally to erode small tUIlllels. Once these tunnels become con-

tinuous down slope, erosion can proceed rapidly, the tunnels 

increase in diame l' at the expense of the soil above and 

the loess beneath, until finally they collapse to form 

gullies. Erosion then continues by the pI'ocesses of gully 

eI'osion. 

AN EROSION MODEL 

Water erosion is due to the dispersive action and 

transporting power of water (Baver 1956). For tunnel ero-

on these in tUrn are determined firstly by the amount and 

veloci ty of subsurface runoff and secondly by t he resistance 

of the soil to dispersion and movement (soil erodibility). 

Subsurface runoff is a func tion of the raiufall and surface 

runoff chal'ac teris tic s and the watep transmis sion properties 

of the soil. The surf'ac e runoff charac teristics depend on 

the topography and the nature of the surface vegetation 



2. 

cover. The relationship between tunnel erosion and the 

var'ious c ontributillg fac tors is shown ill figure 1. 

The tunllel erosioll problem then, involves the following 

variable factors: climate (C), topography (T), vegetation 

(V) and soils (S). A descriptive equatio!l or model can be 

used to express the relationship between erosion and the 

factors mentioned. 

E::: f (C.V.T.S.) 

A fifth variable can be added; the effect of man's 

activities in causing erosion (H). 

E l' (C.V.T.S.H.) (Baver 1956. Land 
Use Capabili ty 
Survey Hand Book 
1969) 

This is accelerated erosion (Land Use Capability Survey 

Hand Boo~ 1969), that is, there is deterioration and loss 

of soil as a result of man's activities in excess of that 

through geologic or natural erosi on. Cumber'land (1944) 

calls it tlculturally induced eI'osion". It has beeIl shown 

that tunnel erosion on Banks Peninsula is largely a form 

of accelerated or culturally induced erosion where the ef

fects of man's activities act through a change in the vege-

tation cover. 

Each of the variables in the model can be considered 
) 

independently of the others. For example if the climate, 

vegetation and land use of all area are the same, then erosion 



l"IGUilli 1 

Relationships between Tunnelling and the 

Contributing Variables in the ~rosion Model 
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losses will vary only with variations in soil properties. 

Usually the variables are to some extent interrelated, for 

example the relationship between soil type and climate which 

forms the basis of the zonal soils concept. 

THE PURPOSE AND NATURE OF THIS STUDY 

This study attempts to review, within the framework 

of the erosion model, previous investigations that he 

elucidate the tunnel erosion phenomenon of Banks ?eninsula. 

Whereas other stud s of tunnel erosion in loess in New 

Zealand have been largely quaJ.i tati ve, this study plac es more 

err~hasis on a quantitative approach. Two selected parameters 

are studied in detail using quantitative techniques, that is, 

slope aspect and soil erodibility. 

Thi s study involve s both a c onside ra tion of the indi

vidual relationships between the variables in the model and 

tunnel .erosion and of the interrelationships between the 

variables themselves. This thesis is structured so that, 

exc ept for the vegetation and human fac tors, each of the vari

ables is considered individually and that interrelationships be

tween these variables are discussed within this framework 

where such discussion is considered relevant. The effect 

of man on tunnel erosion has been through his modification 

of the vegetation cover. These two factors, vegetation 

and man, are therefore considered together. The soil 

1'ac tor is dealt with more fully than the others, espec-

ially in terms of soil erodibility, because if the site 



conditions determined by the other variables are such that 

tunnelling should ideally occur, whether or not tunnels 

form will depend on the soil conditions. 

Descriptive data concerning the physical conditions 

under which tunnelling occurs are included in the text for 

two reasons, the main one being to help in Ullder'stailding 

the cOlldi tions under which tunnel ilg OCCUi'S aild consequently 

111 ac counting fop their dis tri buti Oli and mode of formation. 

However', a second reason is that, as will be shown, tunnel 

and related forms of eI'OSiOil can occur under a wide range 

of phys ic al cOlldi tions and bei'ore any meaningful compari

sons of tunnelling phenomena in different areas can be made, 

a sound knowledge of the physical conditions of the areas 

is needed. Unfortunately, much of the literature on tunnel

ling is accompanied only by very brief descriptions of the 

physical settings. 

B"li~KS PENINSTTLA AND ITS LOESS COV1ill 

Descriptions of the topography of Banks Peninsula are 

given by Milligan (1941) and Speight (1916). Banks Penin

SUla is the eroded remnant of the Lyttleton and Akaroa vol

canoes and occupies an elliptical area 31 miles by 18 ffiiles 

(figure 2). Radiating outwards on the flanks of these vol

canoes are numerous shopt valleys. In the east, these 

valleys end in bays whereas the landward facing valleys have 

their lower reaches filled with alluvium (Speight 1916). 



lilIGURE 2 

Banks Peninsula - Location and Localities 
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Separat the valleys from eac h other ar'e long, slopLlg, 

steep sided spurs. The spur ridges and the slopes at the 

tops the valley commonly reach to 1500 - 2000 ft except 

along the western rim Lyttleton Harbour. The break of 

slope between t he flanks of the volcanoes and the Canterbury 

Plains is usually very marked. On the seaward flanks the 

spurs terminate in plul1ging cliffs. 

Loess has been deposited on the inner and outer slopes 

of both volcanoes aud is continuous except on very steep 

sl s or at altitudes above about 1500 ft. It is espec

ially thick on the lower slopes below 5eO feet. '1.'he age, 

o1'i gin, thickness and mode of deposition of' this loess has 

been discussed e ewhere (Sparrow 1948, Hoskings 1962, 

Raeside 1964, Langbein 1967). 

There are no obvious marked regional variations in the 

thickness of loess on these sl s and the inner slopes 

of both volcanoes are apparentl.')T covered by milar thick

nesses as the outward fac ing slopes. The loess was derived 

not only from t glac ial outwash surfac es that form the 

present Canterbury Plains, but their seaward extension duri 

glacial advances when, because of the lowering of sea level, 

the outwash surface extended to the east of Banks Peninsula. 

(Raeside 1964). 

Much of the loess has been reworked by processes such 

as slope wash, solifluction alld soil creep (Langbein 1967). 

Nearly every loess sample taken for this study contained 
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some coarse volcanic material in it, indicating that at 

least the surface zone of the loess deposits, where tunnel

ng occurs, has been re-worked to some extent. 

PREVIOUS INVESTIGATIONS AND A R11VIK.'V OF THE LI TEH.ATURE 

Tunnel aud related form of er'osion have been reported 

from many parts of the world and i1.1 a wide range of mater

ials other than loess. Iil New Zealand, tunnel erosion in 

loess has been reported from Wairarapa and various parts of 

the South Island downland and foothills, that is, from 

Marl borough in the north to Otago in the south, incl uding 

Banks Peninsula (Cumberland 1944). It is particularly 

serious in the coastal region of Warlborough from Ward to 

Blenheim, in North Canterbury to the north of 'Naipar'a, and 

on Banks Peldnsula. Four investigations have beell made 

tha t discus s in some detai 1 tunnel erosion ill loess ill New 

Zealand (Cumberland 1944, Gibbs 19Lt5, Harris 1952 and 

Hosking 1962, 1967). 

Cumberland (1944), as part of a corEprehensive investi

gati on into erosional problems as a whole ill New Zealand, 

studied what he called subcutaneous erosion ill many parts 

of the South Island but specifically on Banks Peniilsula 

and the Timaru Downs. Gibbs (1945) inve stigated what he 

called tunnel gully erosion on theNi thers Hills, Marlbor

ough. Harris (1952), in a study of the soils aI~ erosion 

in Horotane Valley, Port Hills, described in detail the 
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occurrence of tunnel erosion. The seCluence of events 

leading to f and the expl::lna tions for, the formation of 

gullies in loess by tunnelling proposed by these workers 

are essentially those proposed later in more detail by 

Hosking. 

Hosking (1962, 1967) desc ribed the occur penc es of, 

and attempted all exp lanati on of, turlHe I erosion on the 

Port Hills, Banks Fe nsula. He su sted the velop

ment of turmels and the stage to which erosion had PI'O

ceeded were related to slope aspect and angle, climate, 

soil and vegetation. He found tunnelling was more serious 

on west-northwest facing slopes and that it occurred on a 

wid e range of slope angles. The annual rainfall of the 

area is H_ 30 If, wi th droughty summers and periodic heavy 

rainstorms. The soils are loess derived with a predomin

ance of fine si It partic les and have a dis tine t hard pan 

beginni one to two feet below the surface. 

The vegetation cover has deteri orated sinc e the arrival of 

European man, due to burning aud overgrazing and the replace

ment of deep rooted tussocks by European species. This has 

led to an increase in the area of exposed soil, increasing 

the susceptibility of the soil to dessication and cracking. 

He suggested that erosion occurs in periods of intense 

activity, separated by lulls. 

then proposed a sequence of events to account for 
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the initiation and gI'owth of tunnels that is essentially 

the same as those of Gibbs aIrl Harris. "Depletion of vege-

tative covel' exposes the sUI'face soil to SUJ1:U1d wind. The 

bare soil dI'ies out and shrinks. Deep fissures develop which 

may extend thI'ough the subsoil and the haI'd pUll into the 

paI'ent mateI'ial. Rainfall, which nOI'mally I'uns down slope 

on the sUI'face or peI'colates slowly through the top soil, 

flows into the cI'acks and moves downslope fI'om cI'ack to 

crack below the sUI'face. Small quanti ties of silt aI'e 

carried with it. The subterranean channels between cracks 

are enlarged by the movement of wateI', with its silt load, 

out onto the sUl'fac e again via some of the c I'acks 10weI' on 

the slope. This I'emoval of silt to the sUI'face forms a 

tunnel undeI' the haI'd pan. The tunnel, an inch or two in 

diameteI' and situated immediately below the haI'd pan, extends 

slowly downslope and also, by headwaI'd eI'osion, upslope. 

HoweveI', not until the tunnel finds some laI'geI' outlet at 

the base of the slope - usually just percolatin.g into the 

main valley stI'eam - can it erode fI'eely." (EoskiIlg 1967 

pg. 1 50) • From here the tunnel s grow in si ze through a 

series of theoretical stages he calls youthful, advanced 

and gully stages until there is complete collapse of the 

tunne 1 roofs. 

The areas of tunnel eI'osion studied by Cumberland, Gibbs, 

Harr'is and Hosking had the following basic cOlldi tions in 



common. The so11s were loess derived yellow-grey earths, 

the climates were similar with 20 to 30 inches of rain and 

droughty summers, the vegetatioH cover had deteriorated due 

to l'JuropeaIl occupance, resul tillg ill the fO.crnatioH of fissures 

and cl'acks iil the soil. The tunnels fOI'med ill the highly 

erodible parent material below a hard pan in the soil and 

the water apparentlN entered the parent mateI'ial below the 

hard pan by flowing down the fissures and cracks. 

Tunnel and related forms of eI'osion in materials other 

than loess have been reported from Hawkes Bay, Gisborne, 

inland Taranaki and the Volcanic Plateau (Cumberland 1944) 

and Northland (Nard 1967, Visser 1969). The climate and 

soil conditions in these areas are different from those 

descr'ibed above. 

Tunnel erosion is a serious problem in many parts of 

N.S.W. and Victoria, Australia. In most areas a similar 

sequence of events to that proposed in New Zealand has been 

suggested with similar climatic conditions and severe past

ure deteI'iol'ati 011 since l!.;urope all oc cupance • (Downes 1946,· 

1956, Montei th 1954 and Newmail and Phillips 1957). However, 

these areas have very different so11s to New Zealand loess 

der'ived yellow-grey earths. The clay content is much higher 

and erosion take s plac e above an impermeable layer. Charman 

(1969, 1970) has studied tunnel erosion that affects a large 
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area of N.S.W. where the raiui'all is in the order of 40 to 

50 illches a year. The conditions described by Charman 

appear to resemble those in Northland described by Ward 

(1967) • Most of the Australian soil s whic hare affec ted 

have a relati vely high sodium ion content which has been 

shown to cause excessive dispersion of the clays in the 

subsoil. 

Tunnel and rela ted forms of erosioll are a widespread 

problem in the arid and semi arid mid west, west and south

west states of the U.S.A. (Rubey 1928, Parker 1967). The 

rna terials that are sub jec t to tunnel erosi on are mai nly 

alluvium and coTIuvium, including loess, and most commonly 

have a clay, silt and fine sand texture. 

Other parts of the world where tunnel and tunnel like 

forms of er'o si OIl have been reported are Boli via, China, 

Hawaii, Iran and South Africa (Par'ker 1967), Tasmania and 

Madagasca (Commonwealth Bureau of' Soils No. 107 1961) and 

British Columbia (Buckham & Cockf'ield 1950). 

As Parker points out, most occurrences of tunnel and 

related forms of erosion occur in arid areas with a rainfall 

of ss than 15" with a sparse veget on cover often due 

to the deleterious effects of man. The rainfall may be 

higper if circumstances allow pasture deterioration and sub

sequent c rac king of the sub s oi 1 (Downes 1956 , Gibbs 1945). 

Apparently more important is intensity and duration of 

raihfall and whether protecti ve vegetation cover exists. 

(Parker 19(7). 
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CHAPTl!;H TWO METHODS AND MATEHIALS 

GE):{ERAL 

Data used in this study were obtained from field ob-

servations, laboratory analyses, maps, aerial photographs 

and from various published and unpublished sources. The 

areas covered by the topographic maps and aerial photographs 

are shown in figure 3. The maps are Lands and Survey 

N.Z.M.S. 1 sheets. The aerial photographs have a scale of 

approximately one inch to 40 chains. huns 3150 to 3160 were 

taken in 1966, runs 2113 to 2116 in 1952 and runs 135 to 

147 in 1941. 

Before any attempt could be made to investigate the 

causes of tunnel erosion, or explain the distribution of 

tunnelled areas, the areas of Banks Peninsula affected by 

tunnelling had to be located. The spatial variations of the 

fac tors in the erosion model could then be compared wi th the 

spatial distribution of' areas affected by tunnelling. 

Tunnelled areas were identified from the aerial photographs 

and their location plotted on the topographic maps. A 

visual scale of the degr'ee of seriousness of tunnelling was 

devised (plates 1 to 6) and the areas affected by tUilllelling 

classed as seriously, moderately or slightly affected. Most 

of the tunnelled areas in t he western part of the peninsula 

were checked in the field. From this information a map 

showing the distribution of areas affected by tunnelling was 



FIGURl!~ 3 

Areas Covered b~ the TQPographic Maps 

alld the Aerial Photo Runs 
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Pl a te 1 . A Se rious l y Affec ted Slope - St fartins Valley 

P late 2 . A Seri ously ~fected Slope - Ea ituna Valley 



Plate 5 . Moderately Affec t e d - Hoon Hay Va l ley 

Plat e 6 . Slightly Affected - Kai tuna Valley 
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produced (figure 4.). 

It is probable that many slightly affected areas exist 

whicr. are not ShOWll on the map. These were very diff'icul t 

to identify from the aerial photo aphs. It is assumed 

that the pattern of tunnelling has not changed radically in 

the areas covered by the 1941 and 1952 runs since these photo

graphs were taken. Evidence to SUPPOI't this contention for 

the 1941 runs is presented in Chapter 6 and the area covered 

by the 1952 runs was checked in the field and 110 major 

changes were observed. 

SLOPE 

Field observations were made of slope profiles at 

various lac ali ties affec ted by tunnelling. Slope angle was 

measured with an abney level to the nearest degree. Slope 

length was measured with a tape and the slope angle was 

noted at every 100 feet or signH'icant b:eeak of slope. 

Using maps and aepial photographs~ every OCCU1'rence of 

tunnelling that could be identified (377) to the west of a 

line connecting Lake J:; .... orsyth to Li ttle l\kaloa Bay was noted, 

and its aspect, degree of sepiousness and the width (length 

along the contour) of slope affected noted. Each OCCUI'rence 

was weighted to allow for differences in the degree of 

seriousness and width of slope affected. A slightly affected 

slope was given a rating of one, a modepately affected slope 

two and a seriously afrected slope three. Eacl: one eighth 

of a mile of affec ted slope we s rated as olle, that is, an 



affected slope one mile wide was rated as eight. For example, 

a slightly af'fected slope one mile wide would be weighted 

as 8 = (1 x 8), whereas a seriously affected slope one half 

mile wide would be weighted as 12 (3 x 4). The weighted 

occurrences of tunnelling for each aspect class (2 0) were 

then added. If' the total distribution of slopes potentially 

liable to tunne lling was suc h t ha t the number of slopes 

facing in anyone direction was no different from that facing 

ill any other direction,then the distribution of the aspects 

of the tunnelled slopes detel'mined above would be a true 

indication of the relationship of slope aspect to tunaelling. 

However, in this area, in part because of' its elliptical 

nature, it was apparent more slopes faced the N.N. and S.E~ 

than any other direction. To allow for this, the aspect 

of every slope facet below an altitude of 500 feet and more 

than one half mi Ie wide that could be determined from the 

topographic maps was noted and weighted as above for slope 

width. 335 such slopes were identified, and these were 

summed for every o aspect class as above. The number of 

tunnelled slopes was expressed as a f'raction of the total 

:lUmber of slopes in each a spect class. These values were 

~xpressed as a percentage. From this, figure 8 was con-

3tructed showing the relationship between s lope aspect and 

~unnelling. Three other figures were constructed, one 

~eighted only for s lope width, one only f or the degree of 

;eriousness and one with no weighting at all. These were 



essentially similar in appearar~e to figure 8. 

The soil terms used in this study, unless otherwise 

stated, are those used by the N.Z. Soil Bureau (Taylor and 

Fohlen 1962), wi tl; the exception of the textural classes, 

which are those used by the U.S. Department of Agriculture 

(Soil Survey Manual 1951). The location of the sampling 

sites and the individual soil samples is 

1 and -figure 23. 

ven in Appendix 

Three types of soil samples were taken, those used 

for bulk densities (rr~thod A), those used for the erodibility 

tests and the determination of the sand silt and clay per

cen~ages, and those used for the detailed particle size 

analyses (figure 5). 

Because of the degree of compaction and hardness when 

dry of all but the top soil it was not practical to dig 

pits for sampling purposes. Instead, a the samples were 

taken fr'om outcrops of loess, e specially the exposed sides 

of collapsed tunnel systems. It must be noted that this 

non random sampling method may have intI'oduced son,e bias 

into the results and c onc lusions based on the analyse s of 

the samples collected. The surface of the exposure was cpt 

back with a spade to expose fresh material. For each of the 

samples used in the erodibility tests about 1..5 kilograms 

of soil was taken, placed in a polythene bag and sealed. 

Surface soil material was removed carefully with a hand 



:B'low Diagram Showing the Analyse s of the 

Various Soil Samples 
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trowel to preserve the natural aggregates. However, generally 

sub-surf'ace mater'ial, because of' its haI'dness and k of 

structure, had to be removed by vigorous chipping with a hand 

trowel or a spade. Of the mater'i chipped off', those chips 

greater than about 2 cm. across were collected and subsequent

ly broken down to the required size range for the erodibili ty 

tests. Occasional larger blocks about 8 to 15 cm. across 

could be removed intact and broken dOWfl in the laboratory. 

In the case of t samples used for particle size analyses 

the s~me procedure was used exc all the material was 

co cted regardless of the degree of breakdown. 

Bulk densi ty samples were taken using a 1.5 inch 

cylindrical soil corer. The corer was pushed in as far as 

would go, usually about 4 inches. The soil core was 

removed from the corer and its ends trimmed until the 

ngth of the core was about 3 to 3~ inches long. The 

volume of the sample was then determilled and the sample 

dried at 1050 for 24 hours. The soil at the sites was damp 

and thi s would have led to some c ompac tion of the samp s 

as they were taken. Consequently, the bulk denSity values 

are probably all slightly gh. Bulk denSity is expressed 

as the volume of the sample over its dry weight. 

Figure 9, the map showing the loess derived soils is 

a modified 

27, 1969 ( 

I'm of the soils mal' in the Soil Bureau 

t 9). 

letin 
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The six particle ze distributiol1 analyses were 

deteL'mined u ng a standard hydrometer method, wi th modi

fic ons, as out lined by T.N. Caine 1965 (uilpubli shed 

laboratory procedure et, Phy cal Lab.). Histograms and 

cumulative curves were constructed from this data (figures 

11 to 16). 

The percentage of sand, silt 8nd clay were determined 

for most of the sarr:ples used fop the erodibilityte s. The 

U.S. Department of Agriculture system was used (Soil Survey 

r,~anua11951 ). The clay percenta s were obt ned from the 

dispersal index test. Anothe r sub sample was taken, weighed, 

and wet sieved through a 300 mesh sieve and then dry s ved 

on 200 and 300 mesh sieves for about 15 rr:inutes on an 

Endrock shaker. Hav determined the sand and c y per-

centages the percentage of silt could be calculated. 

Five laboratory tests were used to de rmine indices 

of soil erodibility, the disper'sal index test (D.I. test) 

the clay dispersion A test (C.D.A. test), the clay disper

sion B test (C.D.B. test), the disintegration B test 

(D.B.T. test) and the aggregate stability test (,,\.8. test). 

These methods, and their limitations, are outlined in 

Appendix 2. The first three tests were used to determine 

clay stability and the latter two aggregate stability, as 

indices of erodibility. 



CHAPTER THR.h;E CLIMATE 

I\~ACHOCLIMATE 

macroclimatic conditions on the Port Hills are 

well summarised by Hosking (1962) and Fitzgerald (1966). 

The climatic data presented by them are rail~all, rainy 

days per month, temperature, humidity and days with frost, 

in the form of monthly and yearly totals and averages. 

Fit zgerald present s data which are probably repl'esentati ve 

of those aress of Banks Peninsula affected by tunnel erosion, 

that is, from sea level to 500 et i1l itude with a 

raint'all of less than inches per year. The highest 

temperatures occur in January which has a mean d ly maximum 

o temperature of 70.2 F and a mean daily minimum temperature 

o 
of 53.3 F. The corresponding temperatures for July, the 

o 0 
coldest month, are 50.0 F and 34.3 F. 

The rainfall pattern is shown in figure 6. A compari

son of figures 4 and 6 shows that most of the areas affected 

by tunnelling have a 1Ji'all of les s thaa about 35 inches 

per year'. The lowest raLrfal1 is Godley Head (at the 

extreme eastern end of the Port Hills) where the average 

annual total is 19 inches. The predominant rain bearing 

winds occur in the winter with a maximum rainfall in May. 

Figures for the monthly rail~all and number of rainy days 

for Horotane Valley, Port Hills, is given in table 1. These 



Table 1 

MONTHLY RAI.NFALL OHARAOTERISTIOS FOR HOROTANE VALlEY 

J F M A M J J A s o 

Mean rainfall 1.79 1.49 2.32 2.14 3.95 2.07 2.49 2.65 1.62 2. 
(inches) 

Mean No. 7 6 9 9 12 10 11 1 1 7 9 
H.ainy Days 

N D 

1.89 2.72 

9 10 

Yearly 
Total 

27 

110 



FIGUR.D 6 

r,:1e3.11 f'..nnual Hai:nfall Isohyet~ 
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SOURCE: N.l. MET. SERVICE. 



18. 

appear to be typical of the data presented for various 

rainfall recording stations by Hosking (1962). Although 

the summer monthly rainfall totals exceed 1.5 iilches, 

humidities ape low, especially duri pepiods of hot, dry, 

gusty north west winds. For most of the summer potential 

evapotranspiration exceeds the supply of moisture and the 

soils dry out rapidly (Hosking 1962). Thus, in the summe~ 

drought conditions prevail on the slopes affected by 

tunnelling. 

The macroclimatic conditions discussed above are mainly 

mean conditions and give no indication of the extremes or 

daily or hourly fluctuations in weather events. As Hos ng 

(1962) points out, it is the extremes in macroclimatic 

conditions, along with microclimatic variations, that are 

responsible for erosion in the loess of the Port Hills (and 

Banks Peninsula as a whole). "Downpours then, and their 

oPPosites, drought s, are probably more influential in erosion 

formation than normal avera weather conditions." (Hosking 

1962 pg. 34). Little is knowil about the hourly or daily 

fluctuatioHs of macroclimatic conditiollS or their extremes 

over the areas affec ted by tunne lling. Some data on rainfall 

intensities are available for Christchurch (Hosking 1962). 

89% of the rainy periods have an intensity of less than 0.10 

inches/hour, 9% of 0.1 to 0.2 inches/hour and 2% of 0.2 to 

0.49 inches/hour. Other data is available for Christchurch 

(table 2). The calculated 24 hour values for Magnet Bay 



Maximum Rainfall Intensities - Christchurch 

Highest value to be 
expected once in 20 
years (inc hes) 

Highest value to be 
expected once in 50 
years (inches) 

Duration 

10 minutes 

0.40 

0.48 

0.78 

0.86 

Source: N.Z. tv~et. Service (pers.comm.) 
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(8/94, 093181) and Brockworth (8/84, 318394), two stations 

with mean annual rain:falls o:f 30 and 22 inches per annum 

respectively, :for the highest rain:fall once in 20 years are 

as :follows! Magnet Bay, 6.S inches, Brockworth, 6.2 inches. 

(N.Z. l~et. Service, pel's. comm.). Hosking (1962) gives data 

:fa I' the maximum 24 hour rainfall that occurred between 1921 

and 1950 :for other stations in areas a:f:fectedby tunnelling. 

These range :from about 4 to 8 inches. 

The volume o:f both sur:face and subsur:face runo:f:f that 

would result :from periods o:f rain:fall such a s these would 

be very laTge, especially on slopes with a poor vegetation 

cover and with a severely cracked and :fissured soil. These 

are in:frequent events and o:f more interest would be perhaps 

the hourly and daily intensities o:f the :four or :five or so 

most severe storms a year. From the data presented by 

Hosking these would have maximum intensities o:f about 0.2 

to 0.5 inches/haul' with a 24 hour total rainfall o:f about 

2.5 inches (assuming an average intensity o:f 0.1 inches/ 

hour. ) 

MICROCLIN:ATE 

As with :fluctuations in macroclimatic cOlldition~ very 

Ii ttle is known about mic roc limatic variations and the effect 

they have on tunnel erosion. However, as will be shown in 

Chapter 5, W.N.W. :facing slopes are more susceptible to 

tunnel erosion than other slopes and this can largely be 



explained in terms of mic roc lirr,a tic dif:Cerenct: G • '1'h0 se 

slopes face tbe summer afternoon sun when teffi~0r8tures are 

high~:~st and are also ex:t:losed to the N.',\,. winds. [0, C011-

sequenec., t.he s9i18 on 8e 81 s dry out to a greoter 

dee;ree than on other slopes this ads to greater pasture 

dete cration and the forrration of mo)~e cloac~\8 at th 

in the s oj.l. 

DTSCDSSION 
.~--.---

To understand and e in the relationship tv:een 

climate tunnel erOSion three aspects of this relation-

ship have to considered. These are 

(1 ) role climate played in s 1 f 

cesses and in in.fluenc the nature of the primitive 

cover; 

(2) .way in which, along with the ei'fects of 

European iT. an. , the summer drought affects the ve tat~Lon 

cover and the structure of' the soil 80 tbat soil bec OJ~t:~ s 

susc tible to tunnelling; and 

(."3) the way in which, in the form 

intensj.ty· rainfall r it provides the subsurface I'unoff to 

iniU.ate and form tunnels. 

These interre tionships between climate, soil, VB 

t1.lnnel erosion are discussed f0.1' 



CHAPTER FOUR 

INTRODUCTION 

THE VEGETATICN COV~~ AND ITS 

JI,'ODIFI CATION BY EUROPEAN MAN 

21 • 

The climate, topography and, to a sser extent, the 

soils of the areas of Banks Peninsula affected by tunnel 

erosion have undergone little or no change since the arrival 

of the first European settlers. The same cannot be said of 

the vegetation cover. European man has greatly altered 

the prirr:i ti ve ve tation cover, not only of the areas pre

viousJ.,y covered by forest (Petrie 1963) but also the areas 

which were covered with tussock grassland. The occurrence 

of tunnel erosion after modification of the primi ti ve vege

tation cover by Europeans has been reported not only in New 

Zealand (Cumberland, Gibbs and Hosking) but in Australia 

(Downes 1946, 1956, Monteith 1954, Newman and Phillips 1957) 

and the United States (Parker 1967). 

In figure 7, a map of the fore s t cover i£1 1860, the 

unshaded areas, with the exception of some areas of low 

lying swamp and sc at tered scrub, represent tussock gras sland. 

( trie 1963). Therefore, as a comparison of figures 4 and 

7 shows, the areas affected by tunnelling were largely 

covered by tussock grassland immediately prior to European 

occupance. Ma:r,:s and descriptions tend to confirm this re

lationship between a primitive cover of tussock and tunnel 

erosion, for example in Akaroa County (Ford 1949), Bons 

Bay (Kearney 1947), Kaituna Valley (1946) and the Port Hills 



FIGURE 1 

The Forest Cover in 1860 
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(Boyce 1939, Hosking 1962, Fitzgerald 1966). 

It must be noted however that the forests had already 

disappeared from some parts of Banks Peninsula before the 

arrival of European man. For example, on the N.W. facing 

slopes of Mt Herbert, the tussock covered summi ts above 

Wainui, and on the exposed treeless spurs between Li ttle Akaloa 

Bay and Pigeon Ba~ ancient buried and surficial root systems, 

stumps and logs have been found (Petrie 1963). There is 

similar evidence for the removal of forest in other parts of 

the South Island. Holloway (1954) and Johnston (1958) 

consider that the retreat of the forest and its replacement 

by tussock was caused by a change in climate to colder and 

drier conditions, probably about 1200 A.D., aided by the 

burning of parts of the forest by the Moa Hunters. Cumber

lalld (1962) attributes the removal of the forest to cultural 

inter'ventiol1 by the Moa Hunters and said that the effec t 

of climatic change was small. To what extent the tussock 

covered areas of Banks Peninsula had previously been forested 

is not known. The yellow-grey earths of the South Island, 

the soil group to which the loess derived soils affected by 

tunnelling belong, were formed under a predominantly tussock 

grassland cover (Soil Bureau Bulletin 27 1969). However, 

Raeside (1948) presents evidence that the structures of most 

Canterbury yellow-grey earths have certain features that 

suggest that for at least part of the time while they were 



forming, or since they were formed, they were covered with 

forest. 

THE PRIMITIVE VEGETATION COVJiJR 

The descriptions of' the primitive tussock grassland 

cover for the various parts of Banks Peninsula are all 

essentially the same (Boyce, Barley, Kearney, Ford, Hosking 

and Fitzgerald). That given by Fitzger9ld (1966 pg. 6) is 

used here. The don:inant species were silver' tussock (Poa 

Caespitosa), blue tussock (Poa colensi), scue tussock 

(Festuca novae-zealandiae) and blue wheat grass (agropyron 

scabrum) wi th the tter being most widespread and more 

abundant on the drier and more exposed ridges. Patches of 

scrub and fern and isolated cabbage trees (Cordyline Australis) 

were common. 

These tussocks were deep rooted (Cumberland 1944), 

giving a thick sod that was capable of trapping and absorb

ing much the surface runoff and protecting the soil from 

excessive des ation. The droughty summers have a limiting 

effect on plant growth and to survive, especially in exposed 

positions, the primitive vegetation had low transpiration 

rates to conserve soil moisture (Fit rald 1966). 

MODIFICATION OF THE PRIMITIVE COVER 

There has been considerable modification of the primi

tive cover by the land use activities of European man. In 



places it has been completely removed by cultivation of the 

land, especially on the lower slopes of Horotane, Avoca, 

Heathcote and Bowenvale Valleys, for fruit growing and market 

gardening. More important and widespread have been the 

effects of 100 years destruction of the cover by continual 

burning off of the tussock and grazitl.g by sheep, cattle and 

rabbits (Hosking 1962). This has lead to the dying out 

or decrease in importance of many of the ori nal species 

and their replacement by species, both native and exotic, 

resistant to drought, fire and stock trampling. 

THE PRESENT COVER 

The grassland cover today is an extremely variable one 

in which silver tussock and various introduced grass species 

are dominant (Fitzgerald 1966). The variations in the 

composition of the pasture are largely determined by the 

slope aspect and the incidence of grazing and burning 

(Hosking 1962). On the damper, shady opes the tussocks 

are closely spaced b~t on dry exposed slopes they are either 

absent or widely spaced. The introduced species brown top 

(Agrostis tenuis) and to a lesser extent Yorkshire fog 

(Bolcus Tanatus) are most common on damp slopes with the 

native species danthonia (Danthonia pilosa) on dry, warm, 

sunny opes where tussocks are few in number (Fitzgerald 

1966). trie (1963 pg. 81) gives a fuller description of 

the grasses that cover most of Banks Peninsula today. 
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Danthonia, which is able to withstand burning and trampling 

by stoc~ is spreading, but on its own provides insufficient 

protection against erosion. By 1935 danthonia was firmly 

established as a dominant species in a few South Island 

localities only, including the ViitheI's Hills and the lower 

slopes of Banks Peninsula (Hilgendorf 1935). These are two 

of the areas today most affected by tUIUlel erosion. The 

present vegetation cover, especially that of danthonia, is 

not as thick as the primitive cover was, especially when the 

effects, of burning and grazing are taken into account. Also 

the se plant s tend to be shallower rooting, forming a 

shallower sod which is less able to absorb surface runoff. 

Finally, there is less protection against soil dessication 

in the summer. 

VEGETATION CHANGE AND TUNNEL EROSION 

The effect the change in vegetation c over could have 

in leading to the initiation of tunnel erosion would vary 

depending on the nature of the resultant vegetation cover. 

On damp, shady slopes or on the flat to rolling inter

fluves between valleys, the moisture regime of the soil would 

likely be such that a good grass sward with numerous deep 

rooting tussocks could be maintained despite the deleterious 

effects of grazing, burning and the summer drought. Such a 

grass sward would also aid in decreasing surface runoff by 

trapping surface water and allowing much of it to infiltrate 
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into the thick absorbent sod (plate 7). 

On the steeper slopef.,l. exposed to the dessicating ef'f'ects 

of' the summer drought, the moisture re would be such 

that, with the added ef':fects of' grazing and burning, a 

thick grass sward with numerous silver tussocks would have 

di:ff'icul ty survi vi ng and would be replaced by more drought, 

grazing and :fire resistant species such as danthonia. The 

cover would likely be thin with less dense sod and surf'ace 

runo:f:f would be higher (plate 8). 

I_t is in the la tter si tua ti on that tunne 1 erosi Oll has 

been :found to occ ur. Depleti OLl o:f the vegetati on c over has 

led to an increase in the area o:f exposed soil, inc reasing 

the susceptibi Ii ty of' the soil to excessive drying out and 

subsequent cracking (Hosking 1962). This is most likely to 

occur on steeper slopes exposed to the sun and N.W. wind. 

Modif'ication by man has led to an increase in the bare 

sur:face area with a decrease in the permeability o:f the 

soil surf'ace due to rainsplash e:ff'ects and baking by the sun. 

This has been accompanied by a decrease ill the absorbent 

capacity of' the soil sod. The result has been an increase 

in surf'ace runof'f' which could, in various ways (Chapter 9), 

iI11'il trate into the loe s s below the "hardpan". An added 

f'actor is that cracks along which water could f'low would in 

turn be, in part at least, the result of' pasture deteriorat

ion and subsequent soil dessication. 



Pl ate 7. A Remnant of Tussock Cover - abou t 25% of the 
sur~ace covered with tussock 

Pl ate 8. A Poorly Vegetated 8ur~ac e - it appears surface 
runoff is greates t on this type of' surface 



DISCUSSION 

It appears that much of the tussock grassland of the 

South Island had already been modified by European man by 

the turn of the century. By 1860 they were being used for 

extensive grazing and the deleterious effects of grazing and 

burning were already apparent (Cumberland 1944 appendix 3). 

c.s. Harris (pers. corom.) considers it is likely that by 

1880 the 'iVi thers Hills, Marlborough, had been swept by fire 

millly times and that probably the tussock grasslands of Banks 

Peninsula had been similarly affected. Therefore conditions 

which could lead to cultUmlly induced tunnel erosion have 

probably existed since the last two decades of the 19th 

Century. 

By the 1940's, because of overgrazing by livestock and 

rabbi ts and repeated burning, cuI turally induced erosion 

was a serious problem OIl the tussock grasslands of the 

South Island (Taylor 1938, Zotov 1938, Cumberland 1944). E. 

Griffiths (pers. comm.) has suggested that the tunnels which 

led to the formation of the numerous collapsed tunnel systems 

on Banks Peninsula today were initiated prior to the late 

1940's, that is, they are largely relict features. Field 

observations confirm that the number of tunnels at present 

in an early stage of development, although large in number, 

probably form only a small percenta of the total number 

of tunnel systems and that the rna jori ty of tunnels are in 



an advanced state o:f collapse. 

study o:f the aerial photographs. 
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This is con:firmed by a 

The runs taken in 1941 

show a degree o:f tunnelling that is similar to that a:f:fect

ing the areas covered by the 1952 and 1966 runs. Photo

graphs 141/7, 8, 9,taken in 1941 cover the same area as 

photographs 2114/78, 79, 80, taken eleven years later in 

1952, tha t is, lower and middle Prices Valley and neighbour

ing areas. A c losecornpari son o:f the se sets of' photographs 

showed that there had been little aI-'parent development o:f 

the tunnel systems over this period. The major :features 

identi:fied on the photographs were checked in the :field and 

again no obvious major changes had taken place. Since 1941 

.tunnels probably have been initiated in this area,but the 

soil 108S resulting from these is probably small compared 

with the loss prior to 1941. This all adds weight to the 

argument that the collapsed tunnel systems, which are the 

most common :form, may be relict :features cor'l'esponding per

haps to the period o:f greatest pasture deterior·ation. 

During the 1950's and 1960's the ve tation cover on 

these areas o:f Banks Peninsula improved as land management 

practices improved. (D. Saunders pers. comm.). For example, 

sur:face cracks, reported as common by Cumberland, Gibbs and 

Harri s, seem to be large ly absent today and this may ref'lec t 

the improvement in the vegetation cover. 



CONCLUSION 

As with rai.nfall, there appears to be a close relation

ship between the areas affected by tunnelling and the areas 

wi th a primi ti ve vegetation c over of tussock. In turn there 

is a close relationship between the vegetation and rainfa 

pa tterns of Banks :Peninsula, and, as will be shown, both 

of these are c sely linked wi th the soils pattern. 

At the tirr~ of the arrival of European man it is 

probable that there was Ii ttle tunnel erosion compared wi th 

today because of the stabi sing effect of the tussock cover 

on the soil and its effect in controlling excessive runoff. 

The activities of European man disrupted the balance that 

existed between the climate and the soil and its associated 

vegetation cover. The result was a culturally induced 

acceleration of the rate of tunnel erosion, leading to the 

serious tunnel erosion problem that developed this-century 

and still exists today. 
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CH/\PTBH FIVE SLOPE 

INTRODUCTION 

The topographic factor in the erosion model is ex

pressed here in terms of the slope parameters elevation, 

aspect, angle and length. Each of these slope p~irarneters 

is looked at separately. However they are all closely 

interrelated, and in attempting to determine the overall 

effect of slope on tunnelling at any given location it is 

difficult to assess the relative importance of the indi

vidual parameters. 

Only a limited number of slope profiles were surveyed 

as it was later realised that far too little data had been 

collected to assess the individual relationships between 

slope angle and length and tunllelling because of' the com

plicating effects of the other slope parameters and the 

other factors in the erosion model. 

In the vicinity of Francis Valley 13 slope profiles, 

with varying aspects and degrees of tunnelling, were sur

veyed. Other slope profiles, all moderately or seriously 

affected by tunnel erosion, were surveyed at Shelly Bay, 

Holmes Bay, Port Levy, Birdlings .B'lat and frices Valley. 

ELEVATION 

Most tunnel erosion occurs at altitudes below 250 

feet above sea level and few occurrences were observed, either 

in the field, or from the aerial photographs, above 500 

feet (figure 4). The occurrence of tunnelling almost entire-
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ly at low altitudes is related mainly to the effects of loess 

thickness and climate. The thickest deposits of loess are 

generally found around the lower slope margins of' Banks 

Peninsula. The amount of precipitAtion increases with alti

tude due to orographic eff'ects. The higher the rainfall, 

the less favourable will the soil and vegetation conditions 

be for the ini tiation of tunnels (Chapter's Lj. and 6). 

ASPECT 

Hosking (1962, 1967) found on the l'ort Hills that the 

most serious cHid frequent tunnellillg occurI'ed all theN .;1 .. "'. 

t'aciHg slopes. He pointed out that a comparisoll of dift'erent 

aspects was difficult for this area because the lack of 

slopes facing south east and east. 

The aspect slopes affected by tunnelling in the 

western part of Banks Peninsula (where about 75% of the 

tunnels occur), expressed as a ratio of the aspects of a 

sample of the total number of' slope aspects, is given in 

figure 8. This confirms Hoskingts contention that slopes in 

the ~.N.W. facing sector were most likely to be affected. 

A secondary mode occurs of eastel~l;y facing slopes, for which 

theI'e is no apparent physical explanation. The number of 

slopes facing this direction, both affected and unaffected, 

is small compared wi th most of the other aspec t categories t 

and this could mean that the sample collected is too small 

to be representative. The least aft'ected slopes were those 

facing in a S.B. to S.S.iN. direction. 



B'IGUHE 8 

~he Aspect of' Slopes IU'f'ec ted by Tunnelling 

:Expressed as a tio of' the Aspects of' a 
sample of' the Total Number of Slope Aspects) 
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As has been shown, aspect inf'luences climatic para-

meters such as exposure to solar radiation, rainbearing winds 

and the drying N.W. wiads. These in turn lead to differ-

enees in the nature of the vegetation cover and land use. 

I;'or example sheep prefer to graze on sUIlny rather than shady 

slopes (Hosking 1962). The result is that on slopes facing 

the "'.1\[.':V, , pasture deteI'ioration tends to be greatest, the 

soils suffer the gI'eatest degree of crackiLl.f! aad dessic8tion, 

runoff is 111ghe1' and conse quently tU1111e lling is more exten-

si vee 

i'l.NGLE 

Tunnelled slopes in the field where slope profile 

characteristics were measured have angles of 120 to 31 0. 

Tunnels do occur on lower s, especially at slope bottoms, 

bu t these are probably the dOWllsloIJe extensions of tUIlllel s 

formed 011 steeper slopes. A c OlTl)ari SOd of Hosking! s (1962) 

slor,e alld erosion maps (figul'es 9 and 13, Hosking 1962), 

shows a c loserela tionship between tunnelling and slopes 

ranginl2: f'ron' 340 to 14 0
• Tunnelling is found on slopes 

less than this (140 
to So) but only where these slopes occur 

o 
below steeper tunnelled slopes. Slopes above 34 have a 

loess cover' too thin or discontinuous to permi t tUllHel form-

ation, and are often associated with rocky outcrops 

(Has ki Ilg 1962). 

Not all slopes wi th angles above 120 are affected by 

tW~lelling even if aspect and altitude are ideal for the 
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Lormation OL tunnels. Slopes in the 15 to 20 0 angle range 

in the areas surveyed were commonly unaLLected and slopes 

up to 250 remained totally unaLLected. Except Lor the broad 

generalisations made above about the relationship between 

tunne iug and slope angle, because oi' the lack OL data, the 

effect of slope angle could not separated from a cOiLsider-

ation of the other variables in the erosioll model or the 

other sloI-e parameters. Insufficient slope e data was 

collected to allow any meaningful spec conclusions be 

made. As will be shown in Chapter 9, changes in slope angle 

(convexitles and concavities) and the steepness of the 

slope may be very important in influencing the nature OL 

sub surface water flow. 

I,F~NGTH 

Again insufLicient data was collected Lor other than 

broad generalisations to be made. Ide"!ll;y, the longer the 

slope, the greater may be the accumulation both surLac e 

and sub surLace runoLL. Hosking (1962) considers the slope 

lengths on the Port Hills are not excessive and accumulation 

not too great. However very short slo~es, which 0 rwise 

have ideal conditions r the forrr.aticll! of tUIlile Is, are not 

usually affected by tUllHel erOSion, pe 8 because the total 

build up OL runoLf is not at enough to iHitiate tunnels. 

Such short slopes are common the end OL spurs between 

valleys and tend to be less than 200 Leet ill length. At the 

other extreme, other parts OL Banks Peninsula have slopes 

over 1000 Leet long with the possibi ty of a correspondingly 
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greater build up of runoff. It appears the longer the 

s the larger are the tunne Is that ape i'ormed. en the 

Port Hills, where the slopes are relatively short (less 

than about 800 fee t), the tunne Is seldom extend to more 

thaD about 5 feet below the surface before collapsing. In 

PI' es Valley, where the total slope length is over 1000 

feet, tunnel systems in a partial 8tate of col se extend 

down to 10 feet below the surface. Similarly, tunnels in 

Shelly Bay, where the slope length is about 2000 feet, are 

cormnonly over 7 t deep. s is pos 8 ib ly due in part to 

the fact the hard pan occurs at greater dept at the bottom 

of longer 810pes (Chaptel? 6), and in part to t be ire reased 

volume of water available for erosion and trarisport of 

debris. 

DISCUSSION 

Certain relationships between the s parameters 

of altitude and aspect, and the occurrence of tunnelling 

have been shown and explanations proposed. However, the 

re lati onship betweell slope and length, and tunnel 

erosion. are less clear and af:;];JareIltly from sin/pIe. It 

seems that if the angle is too low (less thail about 100
), or 

the slope too short (less than about 20C feet), tunnels do 

not form. It appears, from the limited data collected, that 

tunnels may form on loess covered sl s on a wide range of 

angles and lengths above these minimum values. However it 

also appeaL's that many slope 8 wi th a similar range of angles 
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and lengths, and wl th ideal alti tude and aspect condi tions 

for the formation of tunnels, are not affected. It is 

possible these relationships are being mas by the effects 

of variations in the other s lope parameter's alld ill micro

cli.rnatic, soil alld vegetatioll cOlldi tioHs. , wi thlll a 

certain range of slope les and lengths (above i0
0 and 200 

t), variations in these other factors may be more import

ant in influencing tunnel erosion than variations in slope 

or length. 

Interrelationships between climate, ve tation and 

soil are demonstrated in C tel's 3, 4 and 6. These in turn 

ially gltitude and a ect, but are ected by slope, e 

also, particularly in the case of soil, by ang length 

(see Chapter 6). The slope parameters of altitude, aspect 

and length have been largely determined by the topographic 

nature the unde rlying volc c rock, and by t pI'ocesses 

that to the deposition of the loess. However, the 

present s angles of the ss deposits are a response 

to past slope forming processes which were in turn 

influenced by the climatic, ve tatioll and soil cOlldi tions. 
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CHAPTblR SIX SOIL PROPERTIES 

INTRODUCTION 

The soils of Banks Peninsula affected by tunnel 

erosion are yellow-grey earths. A fulloocount of the pro-

perties and classification of this soil type and its 

occurrence in the South Island is given in Soil Bureau 

Bulletin 27 (pp 22 - 25). Briefly, yellow-grey earths are 

formed mainly on loessial parent materials under rainfalls 

ranging from about 20 to 30 inches per annum with a tussock 

grassland cover at the time of European occupance. Season-

al moisture deficiency is a characteristic of these soils, 

as is the occurrence of a hard, compact pan in the subsoil. 

The chemical properties of these soils vary widely 

with the Climatic conditions under which they are formed. 

At the dry limit, where rainfall may be as low as 20 

inches per annum, weathering and leaching are weak and 

their properties approach those of the adjacent brown-grey 

eartm At the wet limit, weathering is more pronounced, 

leaching is moderate to strong and their propert s approach 

those of the intergrades between yellow-grey and yellow-
, 

brown earths. Clay content, commonly between 18 and 20%, 

tends to increase the wetter the climate. The chief clay 

minerals are hydrous micas and illite. 

Tunnelling is almost entirely confined to a sub 

type of the Takahe soil, namely the Takahe hill complex. 

The Takahe soil has been described for the Heathcote County 
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by Fitzgerald (1966) this soil type has subsequently 

been 1'01' the whole of Banks Peninsula. (80i l' Bureau 

Bul tin 27, sheet 9 and figure 9.) 

Very mited data concerning the physical and chem-

ical properties of the Takahe soils are availab but as 

the properties of many of the other loess derived yellow

grey earths are very simi lar much of the discussion is 

based on ta concerning these other soils (see 80il Bureau 

Bulletins 26 and ). Of particular relevance and use was 

data concerning the Wi rs and Waipara silt loams, soils 

whicfl aY'e very simi lar to the Takahe s Is, and are also 

severely affected by tunnel erosion. 

'l'akahe soi Is occur on the lower s s fron. sea 

vel to an altitude or about 1000 feet and have the 

characte stics of weakly leached yellow-grey earths. They 

have y top soils, overlying pale yellow to yellowish 

brown sub soils with a compact layer (pan) about 18 to 30 

inches from t he surface. In the winter, these soils may 

abso:pb moisture 1n excess of fie capacity, but in ng 

and summer evapotranspir8tion exceeds moistuI'e suprly and 

they dry out quickly. This mits plant growth during the 

surffiller. 

The Takahe soil can be divided into three sub groups, 

the Takahe silt loam, the Takahe silt loam, easy rolling 

phase and the Takahe hill complex. 

The occurs on the rolling tops of 



FIGURE 9 

Soil Map Showing Loess Derived Soils 
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spurs. When the soil dries out, c racks form in the com-

pact horizon but only in extremely dry summers do they 

extend into the loess below. 

The Takahe silt loam, easy rolling phase, occurs 

on gently undulating to easy rolling spurs. These soils 

are very similar to the Takahe silt loam but they retain 

moisture for longer periods and do not dry out to the same 

extent in summer. 

The Takahe hill complex occurs on strongly rolling 

and moderately steep short slopes. This is the sub group 
- " 

most susceptible to tunnelling and is described in detail 

in subsequent parts of this thesis. Tunnelling may occur 

in the other sub groups, especially on W.N.W. facing 

slopes. 

Tunnel erosion also affects the intergrades between 

the Takahe and the Kiwi soils, the latter being formed on 

predominantly loess covered steeper slopes at higher alti-

tudes. Tunnel erosion is probably not initiated in these 

soils but results from the upslope extensions of tunnels 

which started in the Takahe soil (see Harris 1952). 

It is evident, from a comparison of figures 4 and 9, 

that a very c lose relationship exists between tunnelling 

and the Takahe soils. Some notable exceptions occur, 

especially in the vicinity of Port Levy where tunnelling 

apparently occurs on yellow-grey - yellow-brown earth inter

grades and even yellow-brown earths. However, the scale 



at which these soils are mapped on the original source 

map is large (1 : 250,000) and subtle variations in soil 

type cannot be mapped at this scale. The soils 01' a 
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tunnelled area in the vicinity of Port Levy (Site T figure 22) 

had a definite "hardpan", indicative of a yellow-grey 

earth, but this was not very distinct in appearance. The 

soils of this area are mapped as Pawson soils which are 

described as having a very poorly developed "hardpan ll or 

no "hardpan" at all. 

A more detailed study of the relationship between 

tunnelling and soil type was made for the Heathcote County 

portion of the Port Hills, an area 5 miles by 2, extending 

from Cashmere Valley to Mount Pleasant. The sub groups of 

the Takahe soil have been mapped in detail by Fitzgerald 

(1966) and the areas affected by tunnelling have been mapped 

by Hosking (1962, figure 13) and can be identified on 

aerial photographs. As far as could be determined, tunnel-

ling was almost entire confined to the Takahe hill com-

plex. In a few places in upper Bowenvale, St. Mart s, 

Avoca, Horotane and Heathcote Valleys, tunnelling appeared 

to extend beyond the Takahe hill complex into the Kiwi 

soils. Also, in the vicinity of St. Martins and Avoca 

Valleys and in Cashmere Valley, tunnels extended into the 

Takahe silt loam. However, it appeared in all of these 

cases the tunnels were headward extensions of tunnels de

veloped in the Takahe hill complex. 
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THE SOIL PROFILE 

All subsequent soil descriptions refer to the 

Takahe hill complex unless otherwise stated. The profiles, 

structure, chemical and physical rroperties of the sub

groups are very similar (Soil Bureau Bulletins 26, 27, 

Pitzgerald, 1966 and tables 7 and 8). 

The profiles of Takahe hill complex soils "usually 

consist of 7 inches of a greyish brown powdery loam with 

a weakly developed very firm, nutty granumr structure, 

passing diffusely into 8 inches of friable pale yellow 

silt loam overlying a very firm pale yellow silty clay 

loam. This bec omes sand r be low 30 inches and has many 

distinct fine yellowish red mottles H (Fitzgerald 1966 pg. 

15 and figure 10 and plates 9 and 10). 

The moisture supply to these soils is less, and 

the evaporation rate greater, than in the soils of the 

rolling lands. This has resulted in the compact horizon 

being permanently fissured and cracked. 

The c OITipaC ted hori zon tends to occur deeper in the 

profile down slope due to erosion on the upper part of 

the slope where there is less moisture and vegetation and 

the soil surface is more susceptible to sheet erosion. 

Material eroded is transported down slope, increasing the 

thickness of soil above the compacted horizon (Griffiths 

pers. comm. See figure 21). This effect is not so marked 

in the Port Hills area, although some good examples occur, 



FIGURE 10 

Takahe Hill Complex Soil Profile 
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for example at sites 0 and D on the east side of St. Martins 

Valley (plate 11). Where the slopes are long, the effects 

are usually more obvious, for example Prices Valley and 

Shelly Bay (site p). 

Fitzgerald and others in the Soil Bureau describe 

the hardpan as being part of the B horizon of the soil, 

implying it is part of' the ac ti ve soi 1 system. However, 

Raeside (1964) argues that the hardpan is a fossil feature 

inherited from the period of loess deposition and is not 

a product of' the current pedological environment. He says 

the use of pan or hardpan for this layer implies it is 

pedogenic in origin a nd suggests tha t as it is a fossil 

f'ea ture, it should be called a f'os sil pan, 0 pan or loess 

pan. 

To avoid the problem of deciding to what extent the 

soil horizons, especially the hardpan, are a result of', 

or inf'luenced by, current pedological processes, the soil 

will be considered in terms of three layers: . 
(1) the surface soil layer (S layer); 

(2) the compacted layer (0 layer) and 

(3) the parent material loess layer (p layer) 

The term soil refers to the prof'ile as a whole including 

the P layer (figure 10). 

SOIL PHYSIOS 

Texture and lIIaneralogy 

The basic soil separate classes (sand, silt and 

clay) can be delimited in several dif'f'erent ways. The N.Z. 
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Soil Bureau and Department of Agriculture use the 

International System, and all previous size analyses of 

loess on Banks Peninsula have been expressed using this 

system. 

Another system is the Wentworth or l'hi scale. 

This is a logarithffiic scale, and is considered to express 

the hydrodynamic properties of the various separates more 

accurately thall the International System (Krumbein and 

Pettijohn 1938, Chapter 4). 

A third system is the V.S. Department of Agriculture 

System. This gives a close approximation to the size 

classes of the 'Nentworth scale. Most of the literature 

on soil erodibility concerns North American soils and uses 

this system and this is the one used here. 

Mechanical analyses for loess and loess derived 

soils, expressed in the International System, are giveri 

in Sparrow (1948), Birrell and Packard (1953), Hosking 

(1962), Fitzgerald (1966), Langbein (1967) and Soil 

Bureau Bulletins 26 and 27. 

Six samples from two si tes in Cashmere Valley were 

analysed in detail and their particle size distributions 

are shown ill figures 11 to 16. From cumulative curves of 

these distributions, the percentages of sand, silt and clay 

were abstracted and expressed in ter'ms of the three systems 

outlined above (table 3). The Phi and V.S.D.A. systems 

give similar results. However, much of what is classed 

as fine sand in the International System is classed as silt 

in the U.S.D.A. system. 



Table 3. 

The Percentage of Silt, Sand and Clay in the Cashmere 
Valley samples a to f Expressed in Terms of Three 

Different Textural Classifications 

(a) International Classification 

Sam,2le Clay <. 0.002 Silt < 0.002 ll'ine Sand 
m.m. % m.m. % ..::= 0.2 mm % 

a 20 36 44 
b 19 31 50 
c 15 35 50 
d 15 31 54 
e 18 32 50 
f 14 31 55 

(b) ¢ Scale (Wentworth scale) 
C 18 Y < 8¢ S i I t <. 4¢ ~ 
0.0039mm O.0625mm 

V.Fine Sand 3¢ 
<. 0.125 mm <. 0.00005mm 

a 24 70 6 13.0 
b 22 72 6 7.5 
c 21 72 7 1 .5 
d 18 70 12 9.5 
e 22 69 9 11.5 
f 17 74 9 6.0 

(c) U.S. Department Agriculture Classification 

Clay <: 0.002 Silt<O.O!2 V.Fine Sand < 0.001 mm 
l!!.!.!!!..! m.m. <:: 0.1 mm 

a 20 67 13 14.0 
b 19 69 12 14.5 
c 15 70 15 4.0 
d 15 66 19 12.0 
e 18 65 17 14.0 
f 14 69 17 9.5 



FIGURES 11 - 16 

Histograms and Cumulative Curves of the Partie Ie 

Size Distribution for Cashmere Valley. Samples 

a to f 
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The mechanical analyses for soils at twelve sites 

(appendix 1) are given in table 10 and plotted on a soil 

texture triangle (figure 17). 

Discussion of the Mechanical Analyses 

Sand Usually 7 to 15% of the s e consists of 

sand and llear'ly all of thi s is in the very fille sand 

class (0.05 - 0.1 m.m.). Most samples contain some 

volcanic rock fragments (up to 30% of the total sand 

fraction and commonly up to granule size). The percen-

tage of sand varies from locality to locality, but in any 

one profi it appears to be very constant from layer to 

layer. These results do not confirm Fitzgerald's observ

ation that the soil becomes sandier with depth, especially 

below about 30 inches (tab 4, pg. 22 in Fitzge d 1966). 

However, he used the International Sys m and it appears 

what he called fine sand would be called coarse silt in 

the D.S.D.A. system. The results in table 10 indicate 

there is no trend towards a marked increase in silt with 

depth (D.S.D.A. system), and it appears likely that this 

discrepancy can be accounted f'or by assuming the sil t 

fraction in the P layer is coarser than that in the C layer. 

Silt The dominant texture class is silt and the 

detailed particle size distributions for Cashmere Valley 

indicate the mode lIs in t he coarse silt range. Almost 

every sample had more than 50% silt. As the percentage 

of sand remains approximately constant from layer to layer 

the higher the percentage of clay the lower the percentage 



FIGURE 17 

Soil Texture Triangle Showing the 

Texture of S~mples from 12 Sites 
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of silt. Consequently, in general, the highest percentage 

of silt is found in the 8 layer with C and P layers having 

approximately the same silt percentage. However', as has 

been pointed out in the section on sand, the silt iLl the 

P yer may be coarser than that in the C layer, As will 

be shown, small changes in the percentage of' silt can 

ad to large variations in soil erodibility and this em-

phasises a need fop more detailed subdivision of the 

xtural classes. 

Q,uartz and plagioclase feldspar usually together 

make u~ nearly 90% of most ywacke derived loesses 

(Raeside 1964). The rema 10% or so consist of' var-

ious c lay minerals and loc ally derived nerals. 

Clay Clay usually makes up about 15 to 35% of" 

the sample and is generally lowest in the 8 layer and, 

on an average, slightly higher in the C than in the P 

layer (table 14). However, unlike the sand fraction, the 

clay percentage varies ly between layers. A high 

percentage of the clay is colloidal. The upper limi t 

for colloidal clay is set at 0.001 m.m. by r.1any worker's 

(Baver 1956). 30 to 80% of the clay in samples a to f was 

f'ound to colloidal (table 3). 

The mineralogy of the clays in loess deri ved 

yellow-grey earths bas been described by many workers 

(Fieldes and 8windale 1954, J.;'ieldes 1958, Fieldes and 

Taylor 1961, rves 1968 and 80il Bureau Bulletins 26(2) 
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and 27). The predominant clay minerals are illite and 

related hydrous micas, with small amounts 010 clay 

vermiculite and montmorillonite. (Soil Bureau Bul tin 

26(2)). These are platy clays derived mainl,')' fpom mica 

which is itself almost entirely absent. Other clay types 

are often present in small quantities. An analysis of 

the Withers Hill soil, which is very similar to the Takahe 

soil, showed that beside the clay minerals mentioned above, 

there were appreciable amounts of amorphous hydrous micas 

and amorphous hydrous iron oxide and primary quartz (Fie Ides 

and Taylor 1961). I IIi te i 8 a weakly weathered, nOll ex

panding clay whereas clay Vermiculite and montmorillonite 

represent later stages of weathering of micaceous clays 

and swe and shrink OIl wetting and drying (Soil Bureau 

Bull. 26(2) and figure 18). The sub soils of the yellow

grey earths generally contain more clay vermiculite than 

the top soils (Fieldes and Taylor, 1961). 

A cons idera ti on oi' the c lay mineralogy is important, 

not only in understanding pedogenic processes, but in ex

plaining the structure and e rodibi ty of the yellow-grey 

earths. Little is tnown about the genesis of these clays, 

that is, to what extent they are pedogenic and to what ex

tent inherited from the parent material loess at the time 

of deposition. 

It is generally accepted the compaction of the C 

layer is largely the result of the swelling and shrinking 

of the clay vermiculi te and montmorillolli te in t he sub 



PIGUHE 18 

Yellow-Grey Earth Olay Minerals and 

their Properties 
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soil, leading to a re-orientation of the particles into 

a more compacted state (Fieldes and Taylor 1961). eom-

paction has so occur'red in the P layer, but to a lesser 

extent. However, there is much argument as to whether 

compaction is a cUI'rent pedolo cal phellomeiloll 01' whether 

it is inherited from the period of loess deposition (Hae

side 1964). 

Atterburg Limits (table 4) 

These were not measured but some data are available 

for Cashmere Hi s loess (Alley 1966) and for Tai Tapu 

and Onawe Peninsula loess (Langbein 1967). Langbein 

showed for his samples that the liquid limit varied direct

ly with the variation in the mean or median diameter of 

the sample or the pe rcentage sand. Alley c onc 1 udes 

that, as the low liquid limit indicates, loess reacts 

badly to water and that saturation breaks down the 

cohesion to zero. 

Bulk Density and Porosity 

The sub soils ot:' the yellow-grey earths are char

ac rised by high bulk densities al~ low porosities. 

Bulk deHsities of sub soils range from about 1.60 gm/c.c. 

(40% lJorosi ty) to 1.93 gm./c.c. (equivalent to 28% 

porosity) (Arlidge 1966). These are high to very high 

bulk densities, and very low porosities and such values 

are uncommon for other soil groups. Some bulk densi ties 

are shown in tables 5 and 6. ethers are given in Arlidge 



Atterbure. Limi ts 

Liquid Limits 

Gashmere Hills (Alley 1966) 

Tai Tapu (Langbein 1967) 

Onawe ninsula (Langbein 1967) 

Plastic Limits 

Cashmere Hills (Alley 1966) 

20 - 22% 

18 - 25% 

20 - 33% 

17 - 19% 



Soil 
'HCi'rIzon 

A 

B 

C 

S 

C 

p 

Table 5 

Bulk Densities (gm/c.c. ) 

Francis Valle;y Lower Cashmere 
Valle;y 

layer 1.5 1.5 

layer 2.0 1 .8 

layer 1 .6 1.6 

Table 6 

Bulk Densities and Porosities 

Wai12ara 

De12th 
(inches) 

% Cl.§X Bulk Densit;y: 
gm/c.c. 

Porosit;y: ( %) 

0-6 20 1.00 61 

18-21 29 1.93 28 

24-29 20 1.84 32 

below 47 23 1 .84 32 

Source: R.Q. Packard in "Soil Groups of N.Z." 
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(1966) which show the incr'ease in bulk densi ty and decrease 

in porosity inthe sub soils. 

The example from the Waipara soil seems similar 

to that of the Takahe hill complex, that is, a highly com-

pac ted yer underlain by less highly compacted material. 

As Packard in tl80i 1 Groups of N. Z. II points out, valuES of 

porosity below 40% are very low. Arlidge 1966, obtained 

values as low as 28% and this value he considered must be 

near the ultima te limi t for a non cemented si 1 t loam which 

has not apparently been subjected to heavy loading. 

SOIL CHE~nSTRY 

The following properties are considered to be the 

most important ones in influencing the erodibility of the 

Takahe soils. Some of the mited data availab is pre

sented in tab s 7 and 8 to illustrate the discussion. 

(1) Calcium Carbonate 

Unlike many deposits in North America, Europe and 

Asia there is generally Ii ttle free calcium carbonate in 

New Zealand loess deposits. Concretions of calcium car

bOLla te found in Banks Feninsula loess appear to be 

associated with enclosed Moa bOlles (Sparrow 1948, Alley 

1966) • 

(2) Soil Acidity 

The loess derived yellow-grey earths of New 

Zealand are generally slightly to moderately acid. The 

S layers of the Takahe soils are moderately acid (p H 5.3 -



Table 7 

Chemical Properties of a Takahe Hill Soil SamEle 

Takahe Hill Soil 8/84 479499 

La;y:er DeEth 1L1i or~ic C.E.C. Na ESP 
(inches) m.e. 01 m.e.% C 0:0 10 

S 0-7 5.5 4.4 15.9 0.5 ~.2 

- - - 11-19 6.1 0.9 10.3 0.5 4.3 

C 19-27 6.3 0.5 11.7 0.8 6.8 

- - - 27-37 5.9 0.5 18.4 2.2 1 LI. 3 

P 37-43 5.9 0.4 13.5 3.4 26.0 

So~: Fitzgerald ( 1966, pg. 2C) modified 

Table 8 

Chemical ProEerties of a Takahe Silt Loam Sample 

Takahe Silt Loam 

La;{er DeEth .E.J1 Organic C.E.C. lla ESP 
(inches) C % ~ - 151 m.e. m.e. % 

S 0- 9 5.3 5.5 20.4 0.8 4.0 

- - - 9-17 5.5 1.2 10.4 0.6 6.0 

C 17-23 5.7 0.6 13.5 1 .3 9.9 

- - - 23-29 5.6 0.4 13.3 1.8 13.5 

P 41-45 5.1 0.2 9.4 2.3 41.0 

Source: Soil Bureau Bulletin 
(modified) 

27 pg. 98 



5.5) with perhaps a slight increase in pH in the C layer. 

Soil acidity is indicative of' the degree of' leaching B:nd 

the Takahe soils are considered to be slightly to mOOer

ate l,Y leac hed. 

(3) Organic Matter 

The Takahe top soils have a medium organic matter 

content. However, the sub soils, especially the C and P 

layers are characterised by very low organic matter con

tents. 

(4) Cation Exchange Ga,pacity (a.E.C.) 

The C.E.C. of' a soil is indicative of' its ability 
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to absorb cations. The Takahe soils, like most other 

yellow-grey earths, have a medium to low C.E.C. Generally 

silt and sand particles are chemically inert and the clay 

and humus particles f'orm the chemically active f'raction 

of' the soi 1. However, organic mat ter is only present in 

signif'icant amounts in the S layer so it would be expected 

that the C.b.C. of' the S layer would be much larger than 

that of' the other layers. For Takahe and most other similar 

soils, the C.E.C. of' the top soil is only a little higher 

than that of' the sub soil layers. This may be because, in 

general, there is less clay in the top soils and clay vermi

culite, a clay with a higherC.g.C. than the dominant 

i ite, is more common in the sub soils. 

(5) Sodium (Na) 

The cations Ca, Mg, K gnd Na are all important when 

considering both plant growth and soil erodibility. Es-



pecially important, in terms of soil erodibili ty, is the 

presence or absence of Na ions in t he soil. In Australia, 

the presence of Na in the sub soils has been shown to 

play an important role in tunnel erosion (Downes 1956, 

Monteith 1954, Newman and Phillips 1957 and Charman 1969, 

1970) • 

The data on exchangeable sodium in tables 7 and 8 

indicate that in the Takahe soils the amount of Na rises 

sharply with depth to very high levels, especially in the 

P layer. It is generally assumed that there is a marked 

increase in Na wi th depth in yellow-grey earths (Ives 1968). 

However, he looked at the Na contents of 17 profiles in 

the published literature and found only 6 showed a constant 

increase in Na with depth (table 9). 

In Australia, in soils susceptible to tunnelling 

and with a high exchangeable sodium contellt, it has been 

shown that the salt is mainly Cyclic ill origin, that is, 

sal t brought in by rain coming off the sea. In a study 

by Downes (1956), it was calculated that the amount deposi

ted varied from about 300 Ibs/acre/year on the coast to 

5 Ibs/acre/year 250 miles inland. 

It appears the Na in the Takahe soils is cyclic in 

origin. Mr H. Horne, Lincoln College, has been measuring 

the mineral content of rain water at various locations in 

Canterbury. At Lincoln and on Banks Peninsula the amount 

of cyclic sal t deposi ted (NaCl) is about 50 Ibs/acre/year 



A 

A 

A 

A 

Table 9 

Variation in Exchangeable 

Sodium Content Between Horizons 

No. of samples 

rise through A and B to C 6 

rise from A to Band dec rease 
to C 3 

decrease from A to B and a 
rise to C 1 

decrease through A and B to C 3 

No change 4 

Total: 17 

Sour~~: D. Ives, 1968. 
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decreasing inland to about 5 Ibs/acre/year at Cass (pers. 

comm.). He estimates that on t he coastline the amount 

could be muc h higher, in the order 250 Ibs/acre/year. 

SUMMARY AND DISCUSSION 

The relationship between soil properties and tunnel 

erosion is discussed in terms of soil erodibility and sub 

surface runoff in Chapters 7, 8 and 9. The sub groups of 

the Takahe soils are very similar physically and chemi

cally although they do differ in one important respect, 

namely the greater degree of soil c rac ug in the Tak 

hill soils. It appears the reasons tunnels form on the 

Takahe bill soils are re ted to a consideration of their 

site characteristics (slope, vegetation, microclimate 

and runoff characteristics), which differ from those of 

the Takahe It loam. 

So in t his study an attempt been made to 

separate from the complex interrelations that exist the 

individual relationships between t unHel erosion a nd the 

factors in the erosion model. These relationships have 

been described to a grea ter or lesser degree and explan

ations have been put forward to accollilt for them, in some 

instances wi th a considerable amount of supporting evi

dence. In ot r cases, where ttle or no evidence has 

been presented, tentative exp nations have been proposed 

or suggestions and findings of other workers o1i1ined, that 

mayor may not be conf'irmed wi th further investigation. 
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It is evident, f'rom a comparison of' f'igures 6, 7 

and 9 that the spatial variations of' the climatic vege

ta ti on and soi 1 f'ac to !'s'are close ly interre lated. These 

interrelationships have been described where relevant and 

to a certain extent explained. A comparison of' these 

patterns with gure 4 shows that a close spatial relation-

ship exists between the climate, vegetation and soil fac

tors of' the erosion model and tunnel ero on. 



CH.4PT~R SEVEN SOIL ERODIBILITY RESULTS 

INTHODUCTION 

Most stud s of soil erosion and soil erodibility are 

confined to a consideration of the erosion and erodibility 

of surface soils. When considering sub surface erosion 

the importance of many of the variables changes. For 

example, a consideration of the effect of the dispersion 

of the surface soil by raindrop impact is no longer direct

ly relevant as it does not lead directly to erosion at 

sub surface levels. However, its indirect effects are 

important in that lash effects may cause sealing of the 

surface and thus lower the rate of percolation into the 

sub soil. 

Soil erodibility may be assessed either by actual 

measurement of the soil loss under controlled conditions, 

or by isolating certain soil properties as illdices of 

erodi bili ty (Bryan 196 8( a) ) • The lat ter af-proach has been 

used in this study. 

INDICES OF ERODIBILITY OF THE THREE U~YERS 

That the material in the P layer is highly erodible 

compared with the C and S layers has long been realised. 

However, no attempt has been made to express the differ

ences in erodibility in a quanti tative marmer. 

In Australia, the dispersal index test (Charman 1969) 

and the clay dispersion test (RaIlings 1966) have been 
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used as indices of the erodibi ty of soils susceptible to 

tunHel erosion. The dispersal index (D.].) test expresses 

soil erodibility in a quantitative manner and a modified 

version of this test was used here. The clay dispersion 

test, a qualitative index of erodibility, was also used, 

but in a modified form that allowed a quantitative estimate 

of the degree of clay dispersion. Two different methods, 

using the principle of clay dispersion as described by 

RaIlings, were devised, the C.D.A. and C.D.B. tests. These 

methods measure the spersion of the clay fraction, not 

aggregate stability. One~ the D.I. test, simulates in an 

extreme manner the effects of running water and the other, 

the clay dispersion test (in its two forms), the effect 

of still water conditions. The latter probably better 

approximates natural conditions because it appears the rate 

of sub surface water ow is likely to be slow. 

Two other tests were devised to examine the stability 

of the aggregates as a whole and not just the clay fraction. 

Again one 01' these, the aggregate stability (A.S.) test, is 

indicative of the effects of running water and the other, 

the diSintegration B (D.B.T.) test, of still water condit-

ions. The D.B.T. and C.D.B. tests were carried out on the 

same aggregate at the same time. 

Another index of erodibility used by RaIlings 0966) 

was the exchangeable sodium percentage (J:i~.S.P.) where 

E.S.P. =_~e~x~c~h~a~n~~~~~~~~~~rx~~1~O~O 
C.E.C. 



54. 

E.S.P. for two samples, from the Takahe silt loam 

and the Takahe hill complex, were calculated from the data 

in tables 7 and 8. 

Both the C and P layers have a weakly developed 

blocky structure and the naturally occurring aggregates 

are those blocks of material contained between the cracle 

systems. The aggregates used in these tests were arti-

ficial that they were produced from a breakdown of these 

large, naturally occurring aggregates. 

RESULTS 

The results are shown in tables 1C to 13 and figures 

19 and 20. Table 15, a summary of results, shows that in 

terms of the A.S., C.D.B. and D.B.T. tests, the P layer is 

significantly more erodible than the C layer. The D.B.T. 

test significantly distinguishes between the Sand C 

layers whereas the A.S. (30 secs pre soaking period) and 

C.D.B. tests do not. However, as the pre soaking period 

before shaking in the A.S. test is increased, the differ

ences in erodibili ty between the Sand C layers bec ames 

more and more apparent (tables 10 and 18 and figure 23). 

The S layer material remains relatively stable even after 

12 hours soaking whereas the stability of the C layer 

rapidly falls off as the pre soaking time increases above 

about 5 minutes. The P layer aggregates rapidly lose their 

stability even with very short pre soaking periods. 

The results of the D.I. test are shown graphically 



Table 10 

Results of Soil Erodibility Tests and Textural Analyses 

A.S .~ 
Textural Classes Erodibility Tests Pre soakillg 

Site and Sampling (U.S.D.A. System) Eeriods 
SamEle depth (mins) 
Number Layer (inches) % Clay: % Silt % Sand D .I. C.D.B. D.B.T. .; 60 720 

A 01 S 7 0 0 1 
02 C 24 0 0 2 
03 p 40 0 0 4 

B 11 S 7 26 60 14 3.0 0 0 0 89 85 71 
12 C 22 21 65 14 1.1 2 1 4 86 28 
13 P 40 17 65 18 1.0 3 3 4 6 

D 31 S 7 7 82 10 2.1 0 0 0 89 
32 C 26 21 70 10 3.4 0 0 3 67 
33 P 46 19 71 10 2.0 0 0 3 46 

E 41 S 7 28 56 16 1.4 0 0 2 55 10 
42 C 22 33 52 15 1 .6 0 0 2 79 
43 p 40 33 51 16 1 .4 0 0 3 52 

I 51 S 6 8 0 0 0 
52 C 20 13 0 0 1 
53 p 38 17 0 0 1 

J 61 S 8 6 0 0 0 
62 C 20 15 0 0 1 
63 p 48 20 3 3 4 



Table 1 0 (contd) 

SarnEle DeEth 
Site No. La;yer (inchesl ~ ela;y ~ Silt ~ Sand D.l. O.D.~. O.D.B. D.B.T. i 60 720 

L 71 S 6 9 84 8 1.4 0 0 0 92 
72 e 22 23 68 9 1.6 1 0 1 90 
73 P 40 16 74 10 1.7 2 1 4 15 

M 81 S 6 9 78 13 1.4 0 0 0 70 
82 e 22 19 66 15 1.4 3 1 1 85 
83 P 40 16 68 16 1.0 3 3 4 13 

N 91 S 6 1 1 77 12 3.0 0 0 0 77 
92 S 12 12 75 13 2.0 0 0 0 50 
93 e 18 21 66 13 2.2 0 0 0 91 
94 e 24 22 65 13 2.6 1 1 1 87 
95 e/P 30 20 66 14 1 .9 2 2 2 63 
96 P 36 18 68 14 1 .0 3 3 3 30 
97 P 42 13 70 17 1 .0 3 2 4 18 

0 101 S 6 11 77 12 2.4 0 0 0 70 
102 e 21 23 62 15 3.0 0 0 4 62 
103 P 44 29 59 12 1 .0 3 3 4 56 

P 111 S 6 13 75 12 2.4 0 0 0 86 
112 e 19 68 13 1 .1 3 2 4 24 
113 P 40 20 66 13 1 .0 2 3 4 28 

Q 121 S 6 0 0 0 81 
122 G 20 0 0 1 87 
123 P 2 3 3 33 

R 131 S 6 9 81 10 2.2 0 0 0 82 
132 e 24 17 l§ 11 1.4 1 0 1 88 
133 p 48 7 27 1 .3 2 0 3 4 



Table 10 (contd) 

SamJ2le Depth 
Site No. Layer ( inches). % Clay % Silt % Sand D.I. C.D.A. C.D.B. D.B.T. ~ _ 60 720 

S 141 S 6 14 72 14 5.4 0 0 0 78 76 63 
142 C 20 24 66 10 1 .2 2 2 1 84 53 14 
143 p 38 20 68 12 1 .1 3 3 2 35 1 

T 151 S 6 10 77 13 5.5 0 0 0 61 
152 C 34 32 59 9 1.2 3 1 2 82 
153 P 52 28 61 10 1 .1 3 3 2 49 

U 161 S 6 15 72 14 2.9 0 0 0 68 60 47 
162 C 26 63 63 13 1.0 2 1 1 76 2 -
163 p 45 64 64 13 1 .2 2 1 3 48 - -



Table 11. 

Results of the Kolmogorov-Smirnov Two Sample Test (Siegel 
1956} Investigating the Significance of the Difference in 
Erodibilities of the Three Layers for the C.D.A., C.D.B. 

and D.B.T. Tests 

C.B.A.. Test 

Slayer 

C layer 

Player 

C.D.B. Test 

S layer 

C layer 

P layer 

D.B.T. Test 

Median Degree 
of DisEersion 

o 

1 

2 

Median Degree 
of DisEersion 

0 

0 

3 

Median Degree of 
Disintegration 

Slayer o 

C layer 1 

Player 3 

SamEle Diff-
erences Com-

Eared 

S and C layers 

C and P layers 

Samnle Differ-
ences ComEared 

S and C layers 

C and P layers 

Sample Differ
ences ComEared 

Sand C layers 

C and Players 

N.S. Difference not significant 

Level of 
Significance 

0.05 

N. S. 

Level of 
Significance 

N. S. 

0.01 

Level of 
Significance 

0.01 

0.05 

In each test there were 15 samples from each layer. 



Table 12 

The A.S. Test (30 second pre soaking pericd L 
The Significance of the Difference in Erodi-

bi Ii ties of the Three Layers using the lit test" (Folk 1965) 

Slayer 

C layer 

Player 

mean % 

77 

76 

28 

Standard Deviation 

12 

13 

14 

Sample Differences Compared Level of Significance 

Sand C layers N.S. 

C and Players 0.01 

12 samples from each layer 

N.S. Difference not significant 



Table 13 

A Summary of the Significance of the 
Differences in Erodibility of the Three Layers 

for the Various Tests 

S and 0 layers 

o and Players 

O.D.A. 

0.05 

N.S. 

N.S. 

0.01 

Test 

D.B.T. 

0.01 

0.05 

N.S. 

0.01 



FIGURE 19 

Results of the C.D.B. and D.B.T. Tests 
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in figure 20. The dispersal index decreases, and hence 

soil erodibili ty inc rease s, from the S through the C to 

the P layer. However, the method as it is used here is 

suspec t for the reasons out lined appendix 2. Probably 

the values for the Band C layers are lower than those 

determined. Charman (1969) concluded for the soils he 

worked with that if the dispersal index was less than 3, 

then the soil could be considered to be susc tible to 

tunnel erosion. If this limit was used here then all the 

C layers, and many of the S layers, of the Takahe hill 

complex soils could also be considered to be susceptible 

to tunnelling. The soils considered ape different, making 

any meaningful comparison between the two examples imposs

ible. However, it is apparent that the di rsal indices 

for both the C and P layers are very low. 

The C.D.A. test distinguishes between the Sand C 

la;yers but not between the cri tic ally important G and P 

layers. However, this test was also suspect, for reasons 

outlined in appendix 2 • 

.B~illally, E. S. P. values incI'ease markedly with depth 

in both the Takahe soil sarr;ples (tables 7 and 8). The 

effect of Na (and E.S.P.) in influenci tunnel erosion is 

discussed in the next chapter. Rallings (1966) studied 

failures in dams constructed from soils that were suscep

tible to pil~ing. He found that dams that failed had at 

least one soil with an E.B.P. greater than 13. He also 
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found that where E.S.P. was greater than 8 the clays tended 

to disperse. The soils of the two areas are very different, 

making direct comparison meaningless, but there is a marked 

increase in n:.S.P. wi th depth in the Takahe soil sanlples 

to much greater values than those associated with piping 

in the soi Is studied by Rallings. 

In all cases the S layer is shown to be highly 

resistant to erosion compared with the layers below. The 

P layer is generally shown to be highly erodible, especially 

in terms of aggregate stability. However, the erodibility 

of the C layer appears to vary considerably (see figure 19). 

Griffiths (pers. comm.) considers that the C layer' is highly 

variable in nature. He recognises in the field, from 

personal experience, at least four types of C layer, f'or 

example, one that is extremely hard when dry and remains 

comparatively hard on wetting (the usual case), and another 

which is extremely hard when dry but breaks down readily 

on wetting. Also the C layer may be absent or greatly 

fragmented due to disruption by erosional processes such 

as slumping, or collapse of tunnels (plate 10). 

SUMMARY 

Three of the tests, the A.S., C.D.B. and D.B.T. 

tests, show there is a significa.Clt difference in erodi

bility between the C and P layers. All the tests show 

that, in general, the P layer is highly erodible. As Cum

berland (1944 pg. 89) points out, "Loess is perhaps the 
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most highly erodible sub soil material in New Zealand." 

Finally it rs, from the limited data presented here, 

there could be some relationship between j~.8.P. and tunnel 

erosion as has beeL1 shown in Australia. 

DISCUSSION 

It is implied that the results of the tests used, 

when allowance is made for their practical limitations, 

indicate the true resistance of the soil to erosion by 

the processes ng to the initiation and subsequent 

development of tunne Is. In prac tice, the degree to which 

these results are truely indicative of soil erodibility 

under these conditions would be very difficult to deter

mine. Any variation in the techniClues used in these 

tests would lead to different values for the indices of 

erodibility. This is exemplified by the pre soaking 

times in the A.S. and the variations in the results that 

occur. Ttlus each method must be operationally defined, 

and comparisons of erodibility made within the limits of 

these operational definitions. These indices of erodibi ty 

could not, wi thou t jus tificati 011, be apvlied out side Banks 

Peninsula. This makes comparison between different areas 

difficult, for example, as has been own, between Banks 

Peninsula and Austr a. 

Besides the problems of operational definitions as 

discussed above 1 the se methods involve sub je c ting the 

aggregates to a di ntegrating process that may not occur 
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under natural conditions. Emerson (1954) showed that the 

breakdown of aggregates on wetting is due to slaking (dis

ruption by entrapped air on wetting), and to the dispersion 

of clays. However laboratory techniques for slow wetting 

of aggregates are relatively time consuming and most workers 

place the aggregates straight ioto the container of we r. 

This is called wett by immersion, or flood wettiilg, and 

was the method used in all the erodibility tests applied 

here. Flood wetting 

slaking. 

ads to the maximum breakdown by 

Water movement through the sub surface 1 rs, ther 

along cracks or through pore spaces in t he soil before 

tunnels are initiated, will in most circumstances be very 

slow compared with the rate of wetting that a single aggre

gate is subject to by flood wetting. The de e of slaking 

under natural conditions then, is likely to be less than 

that under laboratory conditions. This imp s that the 

amount and rate of aggregate breakdown in the A.S. and 

D.B.T. tests is likely to be artificially high. Also 

rapid breakdown could lead to more c 1 di rsion than 

would occur in natural conditions. Howeve,c, as has been 

poLnted out, wetting by immersion is the most rapid and 

convenient and easily standardised method available (Cle

ment and Williams 1958). 

Finally, it has been implied in t his chapter that on 

Banks Peninsula tunnel erosion is cor~ined to the Player. 

However tunnels were occasionally found that were confined 



to the C layer or, more commonly, to the lower portion 

of the 8 layer between t he top soil and the C layer. 

59. 



60. 

CHAPTER EIGHT PACTOR8 INB'ID.J:t;I'fCING SOIL ERODIBILITY 

INTRODUCTION 

It has been shown that the erodibilities of the 

three layers in the soil are different, that the erodibility 

of the P layer is very hi and that it is susceptible to 

tunnel erosion. An explanation of the variations in soil 

erodibility is attempted here in terms of soil texture, 

organic matter content, the clay-humus complex, clay minera

logy, cementation, compaction and exchangeable sodium con

tent. Permeabili to'/' and the ease of di spersion of the soi 1, 

are the major factors in determining tlre erodibility of soil 

(Baver 1956). All the factors mentioned above will to some 

extent affect both permeability and ease of di 

the soi 1. 

rsion of 

As has been pointed out, studies of soil erodibili ty 

have been largel;y confined to a consideration of surface 

soils where erosion is a result of the action of raindrops 

and surface runoff, not sub surface runoff. The following 

studies referred to in this chapter are all largely concerned 

with surface soils: Robinson and Page (1950), Emerson (1954), 

Baver (1956), Quirk and Panabokke (1967), Bryan (1969) and 

Wischmeier and Mannering (1969). I t is as sumed here tha t 

the differenc e in behaviour of the soi Is in these dif'ferent 

conditions is largely one 

SOIl, TEX'l'URE 

magnitude, not kind. 

Wi schmeier and Mannering (1969) studied the re la tion 
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of soil properties to erodibi ty for a large number of 

soils and found soil texture was the most gnificant indi

cator of erodibility. They found, in general, that soils with 

a high silt content, and low clay and Ol'ganic matter content, 

are the most erodible. The C and P layers are both high in 

silt, very low in organic matter and have medium to low clay 

contents (tables 7, 8 and 10). Usus'Illy soils become less 

erodible with a decrease in silt content, regardless of 

whether the corresponding increase is in the sand or clay 

fractions (Wischmeier and Mannering 1969). However, the 

percentage of silt, sand and clay must be considered in 

relation to other properties. They showed that erodibility 

is often so sensitive to small changes in particle size dis

tribution that conventional texture classifications are far 

too broad to serve as reliable guides to a soil's capacity 

to resist erosion. The range of erodibilities of the silt 

loams seems to include about tllree quarters of the range for 

all soils. If this is true for Takahe soils, then the com

paratively small textural differences that exist from sample 

to sample, especirllly C and P layer samples, could be very 

important in consideri e,r:'odibility differences. The silt 

frac tion of the P la yer may be coarser than th the C 

layer (chapter 6) and this could have a marked effect on the 

erodibilit~es these layers. However the effects of these 

small textural variations on the erodibility of the Takahe 

soils is not known. 
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'iVischmeiel' and Mannering's study also indicates that 

the arbitrary limit between silt and sand in the V.S.D.A. 

system is not the most logical one in terms of soil erodi

bility. Very fine sand (0.05 - 0.1 m.m.) particles appear 

to behave more like silt than sand. Therefore, in terms of 

erodibility, perhaps the Takahe soils can be thought of as 

consisting of silt with 10 to 30% clay. 

Erodibility decreases as the clay fraction increases 

CNischmeier and Mannering 1969). Most of this effect is 

probably attributable to the increased cohesiveness of the 

soil. Apparently clay particles themselves act as binding 

agents independent of organic matter (Baver 1956). The 

effect of increased clay percentage in decreasing erodibili ty 

decreases wi th increased organic matter content, and wi th an 

increased sand/silt ratio. (Wischmeier and Mannering 1969.) 

As both the sand/silt ratio and organic matter contents in 

the C and P layer are small, ,the sensi tivi ty of erodibili ty 

to clay content variations will be marked. Thus the observed 

small overall increase in clay content in the C layer 

could have an increased cohesive effect and decrease the 

erodibi ty of the eyer compared with the P layer. How

ever this difference was not significant (table 14). 

ORGANIC MATTER 

Organic matter plays a very important role, not only 

in aggregate stability but in aggregate formation. In general: 

an increase in organic matter content leads to a decrease 



Table 14 

Mean Clay ~ of the C and PLayers 

C layer 

Player 

Mean Clay % 

.2 

20.1 

Standard Deviation 

3.8 

6.5 

16 samp s from each layer 

The means are not significantly different 



in soil erodibility (Baver 1956). All forms of organic 

rna tter appear to have a beneficial e f1'ec t, from living root 

matter, through decaying li tter and roots, to humus and 

colloidal organic matter. Wischmeier and Mannering (1969) 

ranked organic matter content second only to soil texture 

as an indicator of soil erodibi ty. The variations in 

texture with depth in the Takahe soils are small con~ared 

with those of organic matter. Thus, in terms of~xture, all 

the layers in the Takahe soil are potenti ally highly erodible, 

and the major property that separates the S layer from the 

layers below is its organic matter content. 

Living roots, and dead and partially decomposed plant 

litter incorporated in the soil, have a physical binding 

effect on it, thus decreasing its erodibility. Also it has 

been shown that very fine root hairs can playa rlole in the 

formation of stable aggregates (Swarby 1950, Bryan 1969). 

The top layer of the Takahe soils, especially the top 6 

inches, has a thick root matting compared with the C and P 

layers. The living root system extends into the C layer but 

the network is poorly developed. With increased depth the 

root system becomes markedly less developed and is largely 

absent in the Player. 

Soil fauna, for example worms, and micro organisms, 

play an important role in stabilising the soil and adding 

to its total organic matter content (Baver 1956). The 

effect of such organisms is greatest in the top soil where 



most plant matter is :found. However worm holes were 

occasionally observed in the 0, as well as the Player. 
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The s tabi li sing e:f:fec t o:f humus and co lloidal organic 

matter is overall probably more important than that o:f living 

matter. Emerson (1954) noted that aggregates :from arable 

:fields (low in organic matter) wetted more quickly than those 

:from a permanent pasture. He :found that organic matter, 

a:fter drying, is not easily wetted and that the higher the 

organic matter content o:f the soil the less slaking on 

immersion. In this study it was :found that S layer samples 

seldom slaked at all whereas samples :from the 0, and espec

ially the P, layers tended to slake very easily. Quirk and 

Pannabokke (1967) suggested that organic matter strengthens 

the coarse pores against the tendency to slake. Bryan 

(1969) showed with his samples that there was a marked 

deterioration of aggregate stability with depth, and he 

attributed this to the decrease iil organic matter with 

depth. At dep th the stabi li ty was govel'ned by the clay con

tent. 

Robinson and Page (1950) showed that o:f the total 

organic matter content, the :fraction associated with the 

clay :fraction, and presumably absorbed onto the clay par

ticles, is the most important in stabilising soil structure. 

They observed that slaking was the result o:f two processes; 

firstly the swelling of clays on wetting, and secondly, the 

pressure developed by the capillary forces o:f the entering 



liquid on the entrap.P3 d air. Therefore to reduce slaking 

the prerequisites are to reduce or remove the swelling 

properties, and either reduce the forces exerted by the 

entrapped air, or strengthen the aggregate. Organic matter, 

especially colloidal, does all three of these. Swelling 

properties of the clays are reduced by the absorption of 

organic matter, the destructive forces of entrapped air are 

reduced because of the decreased wetability of the aggregate, 

and the aggregate is strengthened by the aggregatillg ef'fect 

of roots and the cementing effects of colloidal organic 

matter. 

In summary, organic matter in all forms has a sta

bilising effect on soil aggregates and an increase in organ

ic matter leads to a decrease in soil erodibility. The 

relatively low erodibility of the S layer is due to the 

stabilising effects of its organic matter content. The C 

and P layers are potentially highly erodible because of 

their texture and almost complete ]a ck of organic matter. 

CLAY _HU~fiUS COMPLEX 

Both organic matter and clay particles can have an 

independent effect on stabilising aggregates. However, as 

indicated by Robinson and Page, colloidal clay and organic 

matter usually act together and the greatest aggregate 

stability results from the action of the clay-humus com

plex. Weight for weight, the organic components of the 

clay-humus complex possess a much higher C.g.C. than the 
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inorganic components. Because humus has both positively and 

negatively charged components it is generally assumed that 

there is interaction between the clay and organic material 

within the soil, with the result that the C.~.C. of the 

clay-humus complex is probably rather less than the sum of 

the C.E.C.'s of' the various components ( 

26 (2) pg. 67). 

CLAY MINERALOGY 

1 Bureau Bull. 

The predominant c lay minerals ill s s derived ye llow-

grey earths are illi te and related hydrous interlayered 

micas with clay vermicu te and montmo llonite. Fieldes 

(Soil Bureau Bull. 26(2)) shows there is a marked difference 

between the soil structure of the yellow-grey earths and 

the more highly weathered, md more mois t, yellow-brown 

earths. The sub soils of the yellow-grey earths have a 

massive structure, wher'eas the sub s Is of' the yellow-brown 

earths contain nutty gregates and have generally a more 

open structure. The clay types of both are of tell comparable 

and it is possib for some yellow-grey earths to have 

essentially the same platy clay mineral assemblage as some 

yellow-brown earths. He argues it is unlikely the nature ot' 

the clays causes the difference in soil structure. He con

siders the mas ve sub soi 1 of the yellow-grey earths is 

due to the colloids being in a dispersed state, whereas 

those of the ye llow-brown earths a re in an aggre ted s ta te. 

The amounts of free iron oxide and free alumina were each 



below 1.5% in the ye llow-grey earths considered, a nd above 

1.5% in the yellow-br'own earths considered, and it appears 

that the higher amounts of' these oxides may contribute to 

the aggrega ti on and improved s truc ture of' the ye llow-brown 

earth. sub soils. Also the breakdown of' f'eldspar occurs at 

a f'aster rate in the yellow-brown earths and some f'ire 

particles of' hydrous f'eldspar may assist in aggregate form

ation. 

The c lays in the Takahe soils are largely weakly 

weathered platy clays such as illite, with a low C.E.C., 

and their potent 1 for binding the soil particles to ther 

is lower than that of the more weathered clays with higher 

C.E.C.'s such as clay vermiculite and montmorillonite. Also, 

in the C and P layers, there is almost a complete lack of 

colloidal organic matter, oxides of' iron, and alumina and 

hydrous feldspar, to aid the clays in binding the soil 

particles into a stable structure. 

CEMl£NTATION 

Generally, cemented soil material is little altered 

by moisturing and its hardness persi sts in t he wetted con

dition. (Taylor and Pohlen 1962 pg. 91). However, as the 

erodi bi Ii ty resul ts show, the C layer is much more erodib Ie 

than would be expected if' it was cemented to any degree. 

Indeed, as Arbuckle (1952) points out, the ease of disper

sion of pan material disposes of' any theory of' a cemented 

pan. 
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Even so, it is probable that small amounts of cementing 

take place in both the C and P layers. Organic matter is 

preseut only in small amounts in the C layer and eveH less 

in the P layer and its cementillg efrect will be small. 

Small amounts of alumina and iron oxides are released in 

weathering and could have a minor cementing effect. Very 

small quanti ties of silica are released in soil weathering 

processes operating on the Takahe soils (Griffiths pel's. 

comm.). ]1'inally, calcium carbonate, another major possible 

cementing agent, is present in small amounts. 

If the C layer is a zone of accumulation (B horizon), 

then these cementing agents will tend to accumulate in this 

zone, leading to a greater degree of cementation in the C 

than in the Player. However, the effec t of cementation as 

a stabilising agent on the C layer is probably very small. 

COMPACTION 

From the di scuss ion so far, it is apIB rent that the 

comparatively low erodibility of the S layer is due to t~e 

beneficial effects of organic matter, and tLat the other 

layers are more highly erodible. However the C layer is 

significantly less erodible than the P layer, the main 

reason being its higher degree of compaction as reflected 

by its very high bulk density and very low porosi ty (tables 

5 and 6). 

The mechanics of compaction are not clearly under

stood but it is generally agreed that it is a c011sequence of 



alternate wetting and drying and swelliHg and shrinking of 

the clay vermiculite and montmorillonite clay minerals 

(Ar dge 1966). This leads to a re-orieutation of the 

clay particles in the soil into a more compacted state. 

This re-orientation also affects the silt and sand fraction. 

New Zealand loess is generally poorly sorted to unsorted, 

with angular shaped particles of silt and sand (Young 1964, 

1967). As Arlidge (1966) concludes, in such material, with 

about 20% clay, much of it colloidal and subject to alter

nate. wet tins and drying, it is concei vable tha t the partic les 

will pack into the closest mutual arrangement. 

There is much debate as to whether compaction is a 

current pedological phenomenon (Gibbs 1964), or is inherited 

from the period of loess depOSition (Raeside 1964). Gibbs 

points out that often there is only a small range in depth 

where compaction is marked (as in the Takahe soils), and 

this favours a pedological rather than a purely geological 

origin. 

Baver (1956) discusses in detail the increased soil 

structure stability that results from a closer orientation 

of clay particles, as in the C layer. When clay particles 

become oriented closer together, the cohesive forces become 

much stronger. Dehydration is also a basic requirement for 

the formation of stable aggregates because bonds other than 

liquid ones are set up between particles, and these are less 

reversible than liouid water bonds. The greater the degree 

of orientation and dehydration, and the more platy the nature 
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of the particles, the more s table is the structure rmed 

likely to be. These s tabilisiug conditions all apply to 

the C layer. 

Compaction, besides increasing the strength of the 

soil structure, also acts to reduce soil erodibility in 

another way. Because of compaction, the pore spaces along 

which water can move will likely be fewer and smaller in the 

C la r than the P layer. The degree of slaking will also 

loweI', first because the rate of entry of water will be 

slower, allowing air to escape more freely, and secondly, 

because the lower porosi ty of the C layer, the amount 

of I' that could be trapped would be less. The result 

would be an overall decrease in aggregate disruption in the 

C layer compared with the Player. 

SODIUM 

Dispersion and de£.l.occulatioll of clays and loss of 

soil structure have long been associated wi th the percent

age of exc Ie sodium in the soil (RaIlings 1966). In 

Australia, the presence of sodium in t he sub soils, causing 

clay dispersion, has been shown to be a major factor in 

tunnel erosion. A concise account of the way sodium affects 

clay dispersion is yen by RaIlings (1966). Briefly, the 

effect of the presence cons able alTlounts of sodium in 

associstion with the clay rtic s is to cause the diffuse 

layer of cations around the c particle to expand consider-

ably. When two clay partic les approach each other, two 

opposing sets of forces come into ay. Firstly, there are 
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repulsive f'orces due to the inter'actioll of the predornillantly 

posi ti vely charged dift'use layers. Secondly, there are 

attractive forces (Van der Waals forces) which act between 

the c lay surfaces. If the dif'fuse 19yer's surroundillg the 

clay particles are greatly expanded, due to the presence of 

sodium, the repulsive forces can predominate over the 

attractive forces and there is no tendency for the clays to 

flocculate. When dry soil such as this is wetted, the clays 

disperse. 

The degree of clay dispersion also depends on the con

centration of sodium salts in the soil water. If this con

centration is high compared wi th that wi thin the clay complex 

itself then the opposite effect occurs, and the soil sta

bili ty is increased. This occur's in some coastal soils where 

the supply of salt is large (for example see Raeside 1964). 

If the soil water sodium content is low compared wi th the 

clay sodium content, theu the clays will telld to disperse. 

Nhel'e the supply of sal t is 1l0t excessive and drainage is 

reasonably free, the tter situation will exist. Loess 

deposits on the East Coast of the South Island are apparently 

well drained and show little sign of water-logging (Young 

1967). Field observations confirm that water-logging is 

apparently absent in Takahe soils. 

As has been Shown, exchangeable sodium and F~.S.P. 

appear to rise sharply in the P 18yer, and sodium effects 

could account in part for the high erodibility of the P 
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layer. Without any direct investigation of the relation

ship betweell sodium content and soil epodibili ty in the 

Takahe soils, no estimate of the gnificance of this re-

lationship, if aHy, can be made. Direct corr.pcu'ison with 

the Australian results is not valid because of' the differ

e Hce in c Oildi tions • 

Perhar;s the dispersed state of' the colloids in t he sub 

soils of the yellow-grey earths, as suggested by Fieldes, 

is ill part caused by the presence of sodium. Sodium 

cations are the easiest to remove from t he soil colloidal 

complex by leac1: (Baver 1956). The yellow-brown earths 

are formed under higher raiflfall cOildi tiOllS, ":lnd leaching is 

more pronounced than in the yellow-grey earths. Ferhaps 

the excessive sodium has been leached out of the yellow

brown earth sub soils, aiding the formation of a more stable 

aggregate structure. 

SUMMARY 

1'he textural charactel.'istics of the three layers are 

similar, that is, predOtflil:lBlltly sil t wi th about 10% very 

1'ine sand and 10 to 30/,; clay. In terms of texture, the 

three layers are all potentially very highly erodible. '1'he 

organic matter content of the S layer ill all j:"orms is ade

(juate to provide a comparatively stable soil structure 

resistant to erosion. Both the C and P layers have a very 

low organic matter content. The C layer is less erodible 

than the P layer, mainly because of its high degree of com

pac tion and the s tabi lising eff'ee t thi s has. 
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The P layer is characterised by a highly erodible 

texture with insuf'ficient organic matter or compaction to 

counteract this. In addition, it seems possible that the 

h r exchangeable sodium content of this layer accen

s its already highly erodible nature. 
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CHAPTER NINE WATER TRANSMISSION PROPERTIES 

OF THE SOIL 

INTRODUCTION 

Two fea tures of sub surface flow have to be explained 

to account for the initiationand 

tunnels. The rst is how water 

senuent development of 

ts il1tO the P layer in 

icient quantities to cause erosion, and the second is 

how it moves and carries material with it to initiate the 

tunnels. The accounts presented low of both the way the 

wa ter enters the soi 1, and subsequent sub surface flow, are 

purely tentative and not based on any eld experiments or 

tests. It is probab the rate of wa r entry aild sub sur-

e flow are only s cient to lead to the initiation of 

new tUIldels, or the continued erosioll of existing ones, 

during pe riods of hi intensi ty 11. 

ENTRY OF Wc\Tli;R nlTO THE PLAYER 

The way in wh h the water enters the P layer is not 

clear. Hosking, Har s and Gibbs all proposed that the water 

enters the P layer through cracks extend from the su e 

into the Player. The modificatiOll of vegetation by 

European man has led to eater surface runoff, and a ter 

development of the crack and fissure system, with the result 

that more water is ab to enter the P 1 r via the system 

of crac Undoubtedly these considerations are important 

in the formation of tunne ; however some problems do arise. 
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The low liquid limit of loess (table 4) indicates that the 

cracks would fill in fairly quickly as the soil moisture 

increases. This would impede the flow of water down the 

cracks. Further, the summer 1969/70 was a dry one yet 

very few surface cracks were observed, even in areas with 

pas ture deteriora tion. I t appears the cracks that form in 

the lower layers do not, in general, extend right through 

the S layer to the surface. 

There are several other ways water could enter the P 

layer. One is that water could gain entrance along the upper 

margins of the loes s where it lies against basal t rock. 

Harri s (1952) showed this occurred in Horotane Valley where 

the upper margii"l of the loess had cracks in it an inch or so 

ill width and up to a foot or more ill depth. Runoff from the 

bare face rock pas sed down the cracks into the loe s s. 

This could still happen even where there was a ttin soil 

cover on the rock. Many localities wher-e tUIluels occur 

do in fact have large areas of outcropping or thinly covered 

rock above them (plate 12). However many tunnels occur 

where there is Ii tt Ie or no exposed rock or where a thick 

cover loess extends right on to the ridge spur. 

As on Banks Peninsula, in parts of ~uHtralia where 

tunnelling has been a problem, the experience has been an 

association between pasture deter'ioration, droughty summers, 

and the formation of ssures. This has led to the formation 

of an impermeable surface crust and increased surface runoff 
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which enters the surface cracks. However Downes (1956) 

implies the water does not necessarily enter directly into 

cracks which open on to the soil surface. He notes that in 

certain places there is an increase in the rate of i[1fil

tration because the rainfall, instead of sC'akiLlf! in 'Nhere it 

falls, concentrates into smal hollows, stum,:! holes 8nd 

rabbit scrapes which have been found to have all Llf'iltr.'-ltion 

capaci ty of about 5C times that of the CO!lipaC ted soils 

around them. At such spots the water can percolate into 

the cracked sub soil. C. Vucetich (pers. comm.) has stated 

that a similar process may apply to loess derived soils. 

Often in an area with a seemingly uniform s 1 profile the 

wetting front will, for no apparent reason, extend far 

deeper', and at a faster rate, iLL to one part of the s 1 than 

into the imlT;ediately adjacent parts of the same soil. That 

water extends deeper in surface depressions (channels or 

hollows) was confirmed by observations in the field. In the 

case of surface channels, surface runo will be channelled 

into these, thus increasing the total possible volume of water 

that could be absorbed. As has been pointed out, the C layer 

is often fractured ~md scontinuolls, 8nd this will lTI9ke 

entry to the P yer by infiltrating water easier. 

li'inal1y, where there is a continuous loess cover from 

the valley sides to the tops of the smooth rolling spurs, as 

in most of the Port Hills, but also in other parts of Banks 

ninsula (plate 13) Griffiths (pers" corrun.) has suggested 

another way by which the water could enter the Player 



FIGURE 21 

Entry of Water into the P layer on the 

Shoulder of Loess Covered Interfluves 

where the C layer is Absent or Fragmented 





P l a t e 12 . Vo lcanic .ttock outcropping above a Turmelle d 

a r ea - 3t lYartills Val ley 

l ate 13. .. loe s Covered ollillg 'jpur -

Cashmel'e Va lley 
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(:figure 21). Sheet erosion has been greatest on the shoul-

ders the spurs and has removed the original Sand C 

layers. The erosional products have been transported down

slope. Runo:f:f f'r'om the broad rolling SpUT'S :flows to the 

shoulder o:f the spur where it enters into the F layer. The 

area of these spurs, and consequently the runoff :from them, 

is large compared with the steeper valley sides. 

SUB SURFACE :B'LOW 

It is generally accepted that the C layer is highly 

imperrr;eable due to its high degl'ee o:f c on,pac tion. III C 

layer material water generally moves p0rely by capillary 

action (Gri:f:fiths pers. COnilll.). In the laboratory experi

n,ents for erodibility it was generally :found that the C 

layer material wetted comparatively slowly. The Player, 

however, is much more permeable (Fi tzgerald 1966). This 

again was con:firmed in the laboratory where it was found 

the P layer aggregates wetted very rapidly. ThUS, disregard

ing the system of fis sures and cracks, VIa ter V'li 11 permea te 

comparati vely :freely through the P layer but Lwt the C layer. 

'Nhen the Player is wet under still water conditions 

the c lays wi 11 often di sperse. Any movement of water through 

the pore spaces of this layer will carry in suspension clay 

and :fine silt particles, and over a period of time voids will 

:form in the material. Movement of water ong the cracks 

will accentuate this process. Besides forming due to the 

removal of parti c les in suspens ion, voids could also :form 
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as a result of' packing due to drying and wetting and the 

packing ef'f'ect of' def'locculation resultil1g f'I'om the solution 

of' soluble salts (Gibbs 1945). The result of' the continual 

removal of' particles in suspension would be the growth of' 

voids, especially along those cracks that run about parallel 

with the surf'ace, leading to the f'ormation of' micro tUllllels. 

Hosking and Harris consider that this suspended material is 

removed f'rom beneath the surf'ace by the movement of' some of' 

the water up cracks ~d onto the surf'ace, and they report 

the occurrence of' oozes on the surf'ace, at intervals of' a 

f'ew yards, along the line of' a developing tunnel. It is 

possible that much of' the eroded mater is re-deposited 

in other cracks and voids or in the individual pore spaces 

away f'rom the zone of' the developing tunnel. On anyone 

slope segment it would be dif'f'icult to determine how much 

of' the eroded material was brought to the surf'ace as ooze, 

how much c o11tinued to t ravel down slope in suspension below 

the surf'ace, and how much was re-deposited elsewhere beneath 

the sUl'f'ace. However once a small tunllel, say two illches in 

areeter, h8S f'ormed, it must have a f'ree outlet to the 

surf'ace f'or development to continue unimpeded. Such out

lets occur f'requently, generally as holes greater than 2 

inches diameter, on the surf'ace or as s ts, one or more 

inches across, that may have developed f'rom surf'ace or sub 

surf'ace cracks. It must be stressed that these are outlets 

f'or tunnels, not openings in the surf'ace f'or surf'ace runof'f' 
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to enter. 

One reason tunnels may be less cOl7ID1on in the Takahe 

silt loam is that the P layer is subject to less c racking in 

the summer than the Takahe hill complex (Fitzgerald 1966). 

Only in extreme l;y dry summers do crac ks extend in to the 

sandy silt below the C layer. 

The account presented above of how the sub surface 

runoff flows and carries material wi th it to initiate 

tunnels does not explain why the water apparently concen

trates in a narrow zone (below the C layer) and flows dOlfVll 

slope more or less paral 1 to the soil surface. 

Some of the findings of a recent investi tion by 

Zaslavsky and Rogowski (1969) into the flow of' water 

through anisotropic soils (soils in which the permeabi ty 

is not the same in all directions ) may be applicab to this 

situation. 'Whereas iHf'iltration is usually assumed to be 

a vertical, unsaturated flow, they s hQlll ed that the direction 

of flow may vary, depending on the degree of anisotropy 

and the slope angle. On steeper slopes and where the degree 

of anisotropy is large, the direction of' f'low of the 

infiltrating water will tend to become almost parallel to 

the soil surface. The existence in the profile of layers 

having markedly different permeabilit s, and the presence of 

particles oriented during compaction, suggests that the de

gree of anisotropy of the Takahe 80ils will be large. This 

could explain why the sub surface runoff flows parallel to me 
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soil surface rather than infiltratillg vertically into the 

loess deposits. 

J:i'urthermore, on the concave portions 01' the slope, 

the infiltration streamlines tend to cOllverge, whereas on 

the convex portions they tend to diver 'rhus on the 

conc8ve portions of slopes, su'b surface flow wi 11 concen

trate at some level in the soil and flow parallel to the soil 

surface. If' the flow is not already saturated by this stage, 

then the concentration of flow lines on the concave portions 

of the slope is more likely to lead to saturated flow than 

on the other portions of the slope. 

Most of the loess covered slopes of Banks Peninsula 

have a typical convex/concave profile, or where topped 

by rock outcrops, a purely concave profi ,and the concave 

lower portions of these slopes are usually the most seriously 

affected by tunnelling. The convex portions of the slopes, 

rising to the interfluves, are usually not affected, or only 

slightly affected. This may be due to a cou~ination of the 

effects of the greater' volume of rUlloff on these lower 

slopes and their COIlcave nature. 

';'/here the flow lines concentrate in the profi is 

apparently of major' importance in determining whether or 

not tunnels will be ini tiated. If' the zone of concentration 

of floVi lines is too deep in the loess deposi t, then water 

infiltrating in will not be ab to reach this level in 

sufficient quantities to provide the volume of water needed 

to transport material and ini tiate tUlmels. If the zone 
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of c orwen tra tiol! corresponds to the depth 01' the C layer, 

the water will be unable to move down slope through this 

layer because ot' its impermeable nature, and will possibly 

move in to the S or P layers along the crack system. 

However if the zone of concentration of the flow 

lines corresponds to the upper part of the P layer beneath 

the C layer, infil t ra ti water will be able to reach this 

level in larger amounts than at greater depths, and the 

nature of the material will be such that, unlil<;:e in the C 

yer, subsurfac e flow and erosion c afl take place. 

This is conjecture and should be the subject of further 

investigation. 

SUMMARY AND DISCUSSION 

Probably no one mechanism is responsible for water 

entering into the P layer. The importance of the various 

mechanisms outlined above will vary from place to place and 

others may well operate. In all cases surface runoff' will 

cO,(lcentra on surface hollows or chaIlllels [wd it is in 

these areas infiltration, either through the soil, or cracks, 

or both, is likely to be highest. Once a complete tunnel 

system forms it will discharge water onto a narrow zone of 

the slope immediately below, increasing the chances of a 

sufficiently high rate of infiltration to cause tunnelling 

immediately down slope. Thus a !lew tunnel may form down 

slope from the outlet of an upslope tunIlel. These tunnels 

may eventually link up to form one tunnel. 
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Once the water is in the P layel', a sequence of' 

events that could lead to the initiation of tunnels has been 

suggested. However the actual detailed mechanisms have 

still not been explained. A suggestioll has been put forward 

to explain the apparent concentration of water in:mediately 

below the C layer, where most tunnels are initiated, which 

could form the basis of' a f'urther study. 



CHAPTER TEN CONCLUSION 

1. This study has examined in more detail than 

studies, and within the framework of the erosion 

model, the physical setting in which tunnel erosion occurs 

on sula. 

2. A part of this complex system, the soil, was 

selec d more detailed study. The properties of the 

soils ted by tunnelling were investigated and these 

ndings used to help explain the erodibility and water 

transmi on properties of the soil. 

3. A number of techniques were used to measure 

~lantitative the erodibility of the soil. Three of these, 

using measures the degree of clay dispersion as indices 

of erodibility, were 0 nally developed in Australia and 

modified for use s situation. Two tests were devised 

using d rent a ts of stability as indices 

of erodibility. 

4. U ng these es, the erodibilities of the 

la~lers in the soil were 

proposed to account for the va 

depth. 

rmined, and explan3tions 

ations in erodibility with 

5. Of the tests used, the C.D.B., C.B.T. and A.S. 

Tests were considered to give re ab ,repeatable results, 

and could distinguish significantly between C and Player 

material. 
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SUGGESTIONS J:;'OR PU HTHrJR RJ!:SJEARCH 

6. O:f the many problems associated with tunnel erosion 

remaining unresolved, the outstanding one is o:f determini 

in detail where, when and how the tunnels are actually 

initiated. Be:fore these can be determined, much more ne 

to be l;;:nown about the wa I' transmission properties and 

erodibilities o:f the soils concerned. Further research 

these lines would the be pro:fitable with the ulti 

aim o:f explaining more :fully the processes leadi to 

illitiation o:f tunnels. 

7. Water transmission properties. A study o:f the 

:following could Ie to a better understanding o:f t water 

transmis on propert s of these soils. 

(a) The 1'0 the C layer in in:fluenci wa I' :flow 

through these The C layer apparently ly in-

fluences the entry o:f water into the P layer and its 

subseouent :flow beneath the sur:face. The C 1 r should be 

mapped in areas where tunnelling is to be studied to see 

i:f any reI ionships can be :found between t entry o:f water 

into the P 1 I' and the occurrence o:f di scontinui ties in 

the C r. The nature o:f the C layer (or whether or not 

it is sent) .could be determined by collecting samples 

with a motori auger with a large diame corer (:for 

examp a portable motorised post hole di r) which would 

produc e enough aggr·egates to use in the tests re:ferred 

to in 6. above. 
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(b) The rate and direc on of the flow of sub 

surface water, both into and through the soil, needs to 

be investigated. The application theoret al consider-

ations "vi 11 probably hell' in underst the natupe of 

sub e flow in this materi (fop example Zaslavsky 

and Rogwski 1969). Field experiments are needed to trace 

Yvater flow, ei ther by di gging t sand observi the flow 

from profi on the uphill side of the pi t (for example 

see ~Vhipkey 1966) or by using various tracers, of which the 

potentially most useful would appear to be pyranine conc., 

(Drew and Smith 1970, Reynolds 1966, G.K. Turner Associates 

1968) • 

8. Soil Erod~b.ilit;y;. A much more extensive study 

of the erodibi ty of the Takahe hill complex soils is 

needed. 

(a) Samples should be collect from ing pits 

and outcrops to test the vali ty of using the latter. 

(b) The erodibilities of soils in areas affected and 

not affected by tunnelling should be compared. 

(i) Within the Takahe hill complex 

(ii) The 1'akahe hill complex wi th the 

Takahe silt loam 

(iii) The Takahe hi complex with other loess 

derived soils with different parent materi 

from different areas. Care must be taken in making any 

conclusions from these comparisons because the tests were 
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devised for the Takahe soils only. 

(c) Before any such surveys were conducted the 

methods should checked thoroughly fop relia bili ty and 

improvements 

necessary. 

, or more suitable tests vised where 

(d) The possible relationship between the presence 

of sodium and soil erodibility should be investigated by 

determining the C.E.C., exchangeable sodium content and 

E.8.P. for samples comparing with soil erodibility. 



BIBLIOGRAPHY 

Alley, P.J. 1966: Cashmere Hills Loess. 

N.Z. Engineering 21(10) : 424. 

Arbuckle, R.H.1952: A Chemical and Clay tr.il1eral Study of a 

Yellow-Grey Earth }'roi'ile from the 

Wairarapa. 

Unpublished M. • Thesis, University of 

N.Z. 

Deposited in the Victoria University 

Library, Wellington 

Arlidge, E.A. 1966: Measurement of Physical Properties of 

Materials from Loess Exposures 

Proc. 16th. Soil Survey Conference (un

published) 60 - 63 

Soil Bureau 

Barley, A.V. 1946: The Settlement and DeveloEment of Kai-

tuna Valle¥, Banks Peninsula 

unpublished M.A. thesis, University of N.Z. 

Deposited in the University rary, 

Christchurch : 74 pp 

Baver, L.D. 1956: Soil Physics 

John Wiley and Sons. New York 489 pp 

Beer, G.R.; Johnson,H.IJ. 1965: Factors Related to Gully Growth 

in the Deep Loess area of Western Iowa. 

U.8. DeEt Agriculture. Misc. Pub. 970: 

37 - 43. 



88. 

Birrell,K.S.;Packard,R.L. 1953: Some Physical Properties of 

New Zealand Loess. 

Boyce,W.R. 1 

N.Z. 31. Sci. Tech. 35 (B): 30 - 35 

: An Ecological Account of tussock grassland 

and other plant communities of Cashmere Valley 

and adjacent areas on t he Port Hills, Can

terbur;y 

Unpublished thesis, University of N.Z. 

osited in the University of Canterbury 

Library, Christchurch. 

Bryan,R.B. 1968(a): The development, use and efficiency 

of indices of soil erodibility. 

Geoderma 2 (1) : 5 - 26. 

_________ 1968 (b): Development of laboratory instrumen

tation for the study of soil erodibility. 

Earth Sci. 31. 2(1): 38 - 50 

____ 1969: Aggre ion characteristics and maturity 

of District Soils. 

Earth Sci. 31. 3(1): 1-12 

Buckham,A.F.; Cockfield,W.E. 1950: Gullies formed by 

sinking of the ground. 

Am. 31. Sci. 248: 137 - 41 

Buckman, H.O.; Brady,N.C. 1969: The Nature and Properties 

of' Soils 

The Macmillan Co. Toronto. 7th Ed. 567 pp 

Butzer, K.W. 1964: Environment and Archeology 

Aldine Publishing Co. Chicago 524 pp 



Charman,P.E.V. 1969: The influence of sodium salts on 

soils with rence to tunnel erosion 

in coastal areas. 

Part I - Kempsey Area 

Jl. Soil Conserv.Service N.S.W. 25(4): 

331 - 347 

1970: Part II - Grafton area 

Jl.Soil Conserv.Service N.S.W.26(1):71-86 

Clement,C.R.;Williams T.E. 1958: An e 

method of aggre 

nation of the 

s by wet 

sieving in relation to the influence of 

diverse leys on arable sIs. 

Jl.Soil Science 9(2)= 2 8 

Collie,D.M. 1968:Factors Influencing Agricultural Pro

duction on Banks Peninsula 

Unpublished M.A. thesis,University of 

Canterbury 123 pp. 

Deposited in the Univer ty rary, 

Christchurch 

Collis-George,N.;Smiles,D.E. 1963: An examination of 

cation balance and moisture charac 

istic methods of determining the stabil-

ity soil aggregates. 

Jl.Soil Science. 14(1): 21-32 

Commonwealth Bureau Soils. 1961: Bibliograph~ 

Tunnel and piping erosion (1959 - 1945) 

No. 407 Christchurch. 3 pp. 



90. 

Cumberland,K.B. 1944: Soil Erosion in New Zealand - a 

Geographic Reconnaisance 

Whitcombe and Tombs Ltd,Wellington 227 pp. 

1962: Climatic Ghange or Cultural Inter

ferenc e? 

in Land and Livelihood. Ed. M.McCaskill 

Caxton Press. Christchurch: 88 - 142. 

Dettmann,M.G.; Emerson,W.W. 1959: A modified rmeability 

test for measuring the cohesion of soil 

crumbs. 

Jl.Soil Science. 10(2): 215 - 226 

Downes,R.G. 1946: Tunnel Erosion in N.E. Victor • 

.... * 
Emerson,W.W. 

Australian Jl. of the Council for Scienti

fic and Industrial Research 19(3): 283-292 

1956: Conservation Problems on Solodic Soils 

in the State of Victoria 

Jl.Soil and Water Conservation.11:228-232 

1954: The determination of the stability of 

soil crumbs. 

Jl.Soil Science. 5(2): 233 - 50 

Dettman, 1960: The effect of pHon the 

wet strength of soil crumbs. 

Jl. Soil Science.11(1): 149 - 158 

Fenwick,I.M. 1965: Some problems of soil permeability 

measurement 

in Essays in Geo~hy for Austin Miller 

Ed.J.Whittow; P.D. Wood.: 168 - 187 



Fieldes,M. 1958: S 1 Science and extension work - the 

role of clays in soil ferti ty. 

N.Z. lnst.Agric. Science. Pro~. 

Soil Bureau Pub.No. 167: 84 - 102 

Swindale,L.D. 1954: Chemical Weathering 

of Silicates in Soil Formation 

N.Z. Jl.Sci.Tech. 36(B): 140 - 154 

Taylor,N.H. 1961: Clay Mineralogy of New 

Zealand Soils 

Part 5: mineral colloids and genetic 

classification. 

N.Z. Jl.Sci. 4(4): 679 - 706 

Fitzgerald, P. 1966: Soils of the Heathco County, 

Canterbury, New Zealand 

N.Z. Soil Bureau Report 1/1966 

Soil Bureau D.S.l.R. Christchurch. 

Folk,R.F. 1965: Petrology of Sedimentary RockS 

Hemphill's, Austin, Texas 159 pp. 

Ford, J.H. 1949: Akaroa: A Geographic Survey of the 

County and Borough 

Unpublished M.A. the s University of 

N. Z. 91 pp. 

Deposited in University of Canterbury 

Library, Christchurch. 

91. 

G.K. Turner Associates, 1968: Fluorometry in Studies of 

Pollution and Movement of Fluids 

2524 Pullgas Avenue, Palo Alto 

·eornia ... U. S.A. PP. 



Gibbs, H.S. 1945: Tunnel Gully Erosion on the Withers 

Hills, Marlborough. 

N.Z. Jl. Sci. Tech. 27(A): 135 - 146 

1964: Some ReLlections on Soil Formation 

and Loess 

NeZ. Soil News No.6 

92. 

unpublished .newsletter OL N.Z. Society 

OL Soil Science 

Harris, C.S. 1952: Soils and Erosion, Horotane Valley 

Catchment, Port Hills, Christchurch 

unpublished report, Soil Survey D.S.I.R. 

Christc hurch. 

rris A.C. 1 9: Soil Survey OL Duvauchel 

Bay - Wainui District, Banks Peninsula 

NeZ. D.S.I.R. Bulletin 65.Wellington 13pp 

HilgendorL, F.W. 1935: The Grasslands 

New Zealand. 

the South Island, 

N.Z. D.S.I.R. Bulletin 47. 24 pp 

1961: Pasture Plants and Pastures OL 

New Zealand. 

Whitcombe and Tombs Ltd, Wellington 

7th Ed. 86 pp 

Holloway, J.T. 1954: Forests and Climates in the South 

Island OL New Zealand. 

Trans. Roy.Soc. N.Z. 82(2): 329 - 410 



Hosking, P.L. 1962: Loess, and its Erosion, on the Port 

Hills, Banks Peninsula. 

unpublished M.A. thesis, UniverSity of 

Canterbury. 

Deposited in the University Library, 

Christchurch. 

1967: Tunnell Erosion in New Zealand. 

Ives, D. 1968: 

__________ 1970: 

JI.Soil and Water Conservation 22(4): 144-151 

The Pedogenesis and Classification of 

the New Zealand Yellow-Grey Earths 

unpubl hed Masterate Project No.3. 

Soil Science Dept, Lincoln College. 22 pp 

Soils of the Mowbray Catchment South 

Canterbury 

unpublished M.Ag.Sc. thesis 

Lincoln College,University of Canterbury 

Johnson, A.I. 1962: Methods of Measuring Soil Moisture 

in the eld. 

U.S. Geol.Survey Water-Supply Paper 1619-U 

Johnstone, J.A. 1958: Recent Climatic Changes in the 

South Island, New Zealand. 

unpublished M.A. thesis, UniverSity 

of Canterbury 153 pp. 

Deposited in the University library, 

Christchurch. 



94. 

Kearney, L.J. 1947: Le Bons Bay, Banks Peninsula: A 

Study of its Settlement and Development 

unpublished M.A. thesis, University of 

N.Z. 

Deposited in the University of Canter

bury library, Christchurch. 

Kohnke, H. 1968: Soil Physics 

McGraw-Hill Book Co., New York. 

Krumbein, W.C.; Pettijohn, F.J. 1938: Manual of Sedi

mentary PetrographY 

Land 

D. Appleton - Century Co. Inc. New 

York. 549 pp. 

Capabili ty Survey Handbook. 1969: 139 pp 

Soil and ~ater Division 

Ministry of Works, We ington. 

Langbein, J.W. 1967: Variations in loess with depth on 

Banks Peninsula. 

Soil Mechanics III Project unpublished 

manuscript Civil Eng.Dept. University 

of Canterbury. 

Low, A.J. 1954: The Study of Soil Structure in the 

eld and Laboratory. 

Jl. Soil Science. 5(1): 57 - 74 

Milligan, P. 1941: An Historic-Geographic Survey of 

Banks Peninsula 

unpublished M.A. thesis University of 

N.Z. 64 pp. 



Christc hurch. 

Monteith, N.H. 1954: Problems of some Hunter Valley 

Soils. 

95. 

Jl. Soil Cons.Service N.S.W.10: 127-134 

Newman, J.C.; Phillips, D.D.A. 1957: Tunnel Erosion in 

the Riverina. 

Jl.Soil Cons. Service N.S.W.13: 159-169 

Panabokke, C.R.; @uirk, J. 1957:' The effect of initial 

water content on the stability of soil 

aggregates in water. 

Soil Science. 83: 185 - 195 

Parker, G.G. 1964: Piping, a Geomorphic Agent in Land

form Development of the Drylands 

lnt.Assoc.Scientific Hydrology. Pub. 

65: 103 - 113 

Petrie, L.M. 1963: From Bush to Cocksfoot: An Essay on 

the Destruction of Banks Peninsula's 

Forest 

unpub shed M.Sc.thesis. University of 

Canterbury. 114 pp. 

Deposited in the University Library, 

Chri stchurch. 

Quirk, J.P.; Panabokke, C.P. 1962: Incipient failure of 

soil aggregates. 

Jl.Soil Science. 13(1); 60 - 70 

Raeside, J.D. 1948: Some Post Glacial Climatic Changes 



96. 

and their e~~ect on Soil Formation. 

Trans.Roy.Soc.N.Z. 77: 153 - 171. 

1964~ Loess Deposits o~ the South Island, 

New Zealand, and the Soils Formed on 

them. 

N.Z. Jl.Geol.Geophys. 7(4): 811 - 838 

Rallings, R.A. 1966: An inve i ion into the causes o~ 

~ailure o~ ~arm dams in the Brigalow 

Belt o~ Central Queensland. 

Water Research Foundation o~ Australia 

Bull. No. 10 

Reynolds, E.R.C.1966: The percolation o~ rainwater 

through soil demonstrated by ~luorescent 

dyes. 

Jl.Soil Science. 17(1)= 127 - 132 

Ritchie, J.A. 1963: Earthwork Tunnelling and the Appli-

cation o~ Soil-Testing Procedure. 

Jl.Soil Cons.Service N.S.W. 19(3): 111-129 

1965: Investigation into Earthwork Tunnel-

ling and Mechanical Control Measures 

using Small Scale Model D~ms. 

Jl.Soil Cons.Service N.S.W. 21(2): 80-89 
= 

Robinson, D.O.; Page, J.B. 1950: Soil Aggre e Stability 

Soil Sci.Soc.Am.Proc. 15: - 29 

Rubey, W.W. 1928: Gullies in the Great P ~ormed by 

sinking o~ the ground. 

Am.Jl. Science 5th series. 15:' 417 - 422. 



97. 

Ruhe, R.V. 1954: Relations of the properties of Wisconsin 

loess to topography in Western Iowa. 

Am. Jl. Science 252: 663 - 72 

Siegel, S. 1956: Nonparametric Statistics for the 

Behavioral Sciences 

McGraw-Hi 11 Book Co. Inc. York. 

Pennsylvania 312 pp. 

Soil Bureau 1968: Soils of New Zealand 

N.Z. Soil Bureau Bull. 26 3 volumes 

Parts 1, 2, 3 

_____________ 1969: General Survey of the SoilS of the 

South Island, New Zealand. 

N.Z. Soil Bureau Bull. 27~ 404 pp 

Soil Groups of New Zealand, 1965: Extracts from II New 

Zealand Soil News". Ed. by R.B. Miller 

unpublished manuscript of the New 

Zealand Society of Soil Science. 

Soil Survey Manual 1951: U.S. Dept Agriculture Hand

book No. 18: 503 pp 

Sparrow, Rev. C.C. 1948: The Loess Deposits of Banks 

Peninsula 

unpublished M.A. thesis University of N.Z. 

Deposited in the Unive ty Library, 

Chri stchurch. 

Speight, R. 1916: The Geology of Banks Peninsula. 

Trans.N.Z.lnstitute 49: 365 - 392. 



Swaby, R.J. 1950: The Influence of Earthworms on Soil 

Aggregation. 

Jl. Soil Science. 1 (2): 195 - 197 

Taylor, N.H. 1938: Land Deterioration in the Heavier 

Rainfall Districts of New Zealand. 

N.Z.Jl.Sci.Tech. 29(11): 657 - 81 

Pohlen, I. J • : 1.962 Soi 1 Survey Me thod 

NeZ. Soil Bureau Bull. 25: 242 pp 

Visser, S. 1969: Soil Piping: A Review with Specific 

Reference to New Zealand. 

98. 

Auckland Student Geographer 6: 49 - 58 

Vomacie, J.A. 1957: Measurement of Soil Bulk Density 

and Penetrabili ty: A Review of Methods. 

Advances in Agnonomy 9: 159 - 176 

Ward, A.J. 1966: Pipe/shaft phenomena in Northland 

J.e. Hydrology (N.Z.). 5(2): 64 - 72 

Whipkey, R.Z. 1966: Theory and Mechanics of subsurface 

flow 

Inter Symposium Forest Hydrology:255-260 

Pergamon Press. Oxford and new York. 

Williams, R.G.; Greenland, D.J.; Lindstrom, G.R.; Quirk, 

J.R. 1966: Techniques for the deter

mination of the stabi ty of soil 

aggre tes. 

Soil Science 101(3): 157 - 163 

Williams, R.J.B. 1963: A New Method of Measuring Soil 



Stability. 

Chemistry and Industry: 1032 - 1033 

Wischmeier, W.H.; Mannering, J.V. 1969: Relation of a 

Soil Properties to its Erodibi ty 

Soil Sci.Soc.Am.Proc.33(1): 131 - 137 

Young, D.J. 1964: Stratigraphy and trography of North 

East otago ss 

N.Z. Jl.Geol.Geophys 7(4): 839 -

1967: Loess Deposits of the West Coast of 

the South Island, New Zealand. 

NeZ. Jl. Geol. Geophys. 10(3): 647-58 

Zaslavsky, D.; Rogowski, A.S. 1969: Hydrologic and 

99. 

Morphol Implications of Anisotropy 

and Infiltration in Soil Profi 

ment. 

Develop-

Soil Sci.Soc.Am.Proc. 33(4): 594 - 599 

Zotov, V.D. 1938: Survey of the Tussock-Grass s of 

the South Island, New Zealand. 

NeZ. Jl.Sci.Tech. 20(4A): 212 - 244 

** Drew, D.P.; Smith D.I. 1970: Techni~ues 

terranean Dra 

the Tracing 

Brit. Geomorp. Research Group 

Technical Bull. "2 : 36 



100. 

APPEND IX ONE SOIL SAMPLING SITES 

The locations of the sites (A to U) are shown in 

figure 22. A brief description of the location of each 

site is given and what the s s were used for. The depth 

the samI,les were taken at not shown below are shown in 

tab 10. 

SITE F upper shmere Valley, grid reference S84/995492 

Three samples taken for particle size analyses 

(figures 11 to 13) 

Sample a 

Sample b 

Sample c 

C layer 

Player 

Player 

21 inches 

36 inche s 

55 inches 

SITE G middle Cashmere Valley 993497 

Three samples taken for partic Ie ze analyses 

(figures 14 to 16) 

Sample d C layer 20 inches 

S e e C/P layer 28 inches 

Sample f P 1 r 30 inches 

SITE H lower Cashmere Valley 981501 

Three samples for bulk density determination 

Sample g S layer 9 inches 

Sample h C layer 22 inches 

Sample i P layer 38 inches 



FIGURE 22 

Location of Sampling Sites 
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SITE K Francis Valley 979498 east side 

Three samples for bulk density determination 

Sample j S layer 7 inches 

Sample k C layer 20 inches 

Sample I P layer 36 inches 

Samples used for the various erodibi ty tests and 

for deterrr:ination of sand, silt and clay percentages were 

taken at the following sites. The samples for each site are 

numbered and the st figure in each sanw number indicates 

wha~layer it was taken from (except site N). All Slayer 

sample numbers end in 1, C layers in 2 and P layers in 3. 

SITE A Avoca Valley 046503 east side 

B II " 043503 west side 

D St. Martins Valley 027514 east side 

E " " II 023514 west side 

I Francis Valley 979498 east side 

J II II 979498 west side 

0 Hoon Hay Valley 973494 

P II II " 975476 

Q Rifle Range Valley 945371 S.E. side 

R 937367 

S Kai tuna Valley 052310 

T Port Levy 174401 

U Shelly Bay 115448 

Besides these, three sets of samples wer'e taken to 

show in more detail the variation of properties with depth 
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(site N) and o~ distance apart (sites Land M). 

SITES N, L, M Francis Valley 979498 west side 

SITE L was 6 ~eet upslope ~rom site M. 

Finally, samples taken ~ rom SITE C, about 20 yards 

up valley ~rom SITE D, to t est the variation in the results 

o~ the C.D.B. and D.B.T. tests when repeated 10 times and 

the A.S. (30 sec.) test repeated five times. The pre-soaking 

times Xor the A.S. test were varied (.~, 1, 5, 10, 60 and 

720 minutes) and the ef~ects on erodibility noted (appendix 

2) 

SITE C Sample 21 

Sample 22 

Sample 23 

Slayer 

C layer 

Player 

6 inches 

36 inches 

55 inches 
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APPENDIX TWO SOIL ERODIBILITY T 1<JSTS 

DISPERSAL INDEX-1D.I.) TEST 

This test is a modified form of the test outlined by 

Ritchie (1963) and used by Charman (1969). The samples 

used for this test had been kept sealed in their polythene 

bags, thus retaining their moisture. However, except for a 

few slightly damp S layer samples, they had a very low 

moisture content (usually less than 5%) when collected in 

the fie ld and CQuld be considered to be in an air dry con

dition. The equipment used for this test is shown in plate 14 

1. Procedure 

The sarr~le is dry sieved on 15.9 m.m. and 11.2 m.rn. 

sieves. The aggregates collected on the 15.9 m.m. sieve are 

divided into three sub-samples of 50 grams which are each 

weighed to 0.01 grams. Sub-sample a is dried at 1050 0 for 

12 hours to determine the moisture content. Sub-sample b 

is subject to complete dispersion by chemical means and 

sub-sample c to mechanical dispersion. 

2. Complete Dispersion (sub-sample b) 

(a) Place the sample in a beaker and cover with 

dispersant (0.1 N.sodium oxalate) and leave for 15 minutes 

with occasional stirring. 

(b) Transfer to a milk shake container, fill to 

about 500 mls. and agitate for 2 minutes. 



Plate 14. Apparatus fer the D.I. Teat 
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(c) Transfer via a large funnel to a 1 litre meas

uring cylinder, top up to 1000 mls with sodium oxalate, 

agi tate with a stirring rod and Ie ave for 12 hours to allow 

for complete chemical dispersion. 

(d) Agitate for 50 strokes to br the material 

into complete suspension and note the time. 

(e) 1 hour 55 minutes later lower the hydrometer 

slowly in and at 2 hours take a reading (to the top of the 

meniscus) • 

(f) Correct this reading by comparing with the hydro

meter reading for a "blank cylinder" containing sodi urn 

oxalate only. This corrected value is the weight of 

material less than 0.002 m.m. in suspension. 

(g) Express this as a percentage of the total dry 

weight of the sub-sample. 

3. Mechanic al Dispers ion (sub -sample c) 

(a) Take the sub-sample, place in a litre flask and 

11 to about 600 mls. with distilled water, cork securely 

and shake end over end for 4~ minutes (approximately 50 

shakes per minute). 

(b) Then transfer into a 1 litre measuring cylinder 

and top up to 1000 mls. 

(c) Continue as in ction 2, d to g, except fill 

the blank cylinder with distilled water. 
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4. Calculations 

(a) Correction for moisture content. 

Wgt of dry sample = wgt of original sample - wgt of moisture 

Wgt d.sample S Ie (moisture % x wgt of o.sample) 
wgt o. amp - 100 

(b) Dispersal Index (D.I.) 

DI= total material less than 0.002 m.m. 
material less than 0.002 m.m. by mechanical dispersion 

= ~ material less than 0.002 m.m. by complete dispersion 
% material less than 0.002 m.m. by mechanical dispersion 

The aim of this method is to determine the degree of 

clay dispersion that occurs over the period of shaking. 

Aggregate breakdown must be as rapid as possible to allow 

all the clay to be subject to conditions conducive to dis-

persion. However, if the aggregates are pre-soaked to 

allow easier aggregate breakdown then SOD:e C lay dispersion 

is likely to occur regardless of shaking. Thus, the aggre

gates used should be of such a size that the period of 

shaking required to breakdown the aggregates is small com

pared with the total shaking period. The aggregate size 

range and shaking time used were chosen to attempt to fulfil 

these requirements. 

However, when the tests were being conducted it was 

apparent that, because of the comparatively large size of 

the aggregates, the rate and degree of breakdown were smaller 

than expected and a large proportion of the shaking time was 
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used in breaking the aggregates down. Occasionally at the 

end of a test small aggregates of Sand C layer material 

still remained. As a result, the calculated dispersion 

indices for these layers are probably higher than in reali ty. 

The value of this method would be improved if the aggre

gates used were reduced to a much smaller size, say less 

than 2 m.m., and perhaps the shaking time inc reased to 10 

minutes. 
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CLAY DISPERSION A (C.D.A.) TEST 

This test is essentially that outlined by RaIlings 

(1966 pg. 57). 5-10 gms. of air dry soil aggregates 0.25 

to 0.50 cm. in size were placed into a 100 ml beaker which 

was filled with about 60 mls of water. After one hour the 

degree of turbidity was noted and rated on the scale given 

in table 15. RaIlings only noted whether or not turbidity 

(disp~rsion) occurred. 

This test cannot be considered to give a reliable 

estimate of clay dispersion because as the water was added, 

the crumbs (which are very small) were agitated considerably 

leading to an artificial amount of crumb breakdown and clay 

dispersion. Also it was difficult to duplicate results 

using this test. 



Table 15 

Scale ror Rating the Degree or Clay 

Dispersion ror the CaD.A. and C.D.B. Tests 

Rating 

o no dispersion 

1 very slight - a just perceptible degree 

2 slight 

3 moderate 

or cloudiness 

- distinct dispel'sion but 
the water still transparent 

the degree of spersion is 
such that the water is 
translucent. 
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CLAY DISPEHSION B (C.D.B.) TEST 

A 100 ml beaker was filled with about 80 mls of 

water and a single crumb of soil about 10-15 m.m. across 

was gently dropped in and the degree of dispersion (turbid

ity) after 30 minutes noted. There was a minimum of dis-

turbance of the water and by the time the aggregate began 

to crumble and the clays disperse the water was still. The 

results could be duplicated ade~uately (table 17). From 

the limi ted amount of data in table 17, it appe ars the degree 

of clay dispersion can be assessed more accurately if the 

average values for about 3 tests on Slayer material,and 

4 on C and P layer material are taken. 

DISINTEGRATION B (D. B. T. ) TEST 

This test was carried out in conjunction with the 

C.D.B. test. After 30 minutes the degree to which the 

aggregates had crumbled was noted and rated according to 

table 16. Again,from the limited amount of data presented 

in table 17 it appears the degree of disintegration can be 
;, 

assessed more accurately if the average values for about 3 

tests on S, 4 on C and 3 on P layer material are taken. 

DISCUSSION (C.D.B. and D.B.T. TESTS) 

The quantitative estimates of the degree of disinte

gration and dispersion in these tests (and the· C.D.A. test) 



Table 16 

Scale for Rating the Degree of 

Disintegration for the D.B.T. test 

Rating Disintegra tion 

0 none less than 5% of the 
crumbled 

1 slight 5-35% 

2 moderate 35-65% 

3 advanced 65-95% 

4 complete over 95% 

aggregate has 



Table 17 

Variations in the Results of the 

C.D.B. and D.B.T. Tests when Repeated 10 Times 

SamEle ~ Results 

21 (8 layer) C.D.B. 0 0 0 o 0 0 0 0 0 0 

D.B.T. 0 1 0 0 0 0 o 0 0 0 

22 (C layer) C.D.B. 0 0 0 0 1 1 0 0 1 0 

D.B.T. 333 243 233 3 

23 (p layer) C.D.B. 2 1 0 o 1 1 1 1 1 1 

D.B.T. 4 4 4 444 4 4 4 3 
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are on an ordinal, not interval scale. These estimates 

were made visually and a series of photographs is included 

(plates 15 to 17) to help in interpreting the sca s in 

tab 1 e s 1 5 and 1 6 • 

The ease with which the C.D.B. and D.B.T. tests can 

be carried out, and their comparative reliability, suggests 

that with sorre modifications these tests could be used to 

determine the erodibility of loess and loess derived soils 

in the field. In actice it was found that within 10 

minu te s of dropping the a ggregate in to the water, mos t of' 

the di rsion or sintegration had t n place so the 

time required to eonduct these tests could be shortened 

considerably. 



Pla.te 15. S Layer. 

C.D.A., C. D.B. Test Rating. 

C 0 0 

0 0 () 

D.E.T. Test Rating. 



Pla te 16 . C Layer. 

C . D. A., G.D.B. Test Rating . 

0 2 2 0 0 0 0 

1 4 3 1 1 1 1 

D. B. T. Test Rat i ng. 



Pla te ~17 P. Layer. 

C. D. A., C.D .B. Test Rating. 

'I -,,: 
.J 0 'I 0 ) 0 

~. L.1· Ll- L}- Li- L}- 2 

D.B.T. 'rest Rating. 
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THE AGGRl!:GATE STABILITY (A.S.) TH:ST 

About 25 gms of air dried gates, 1C-15 m.m. 

across, were ed in a 1 li tre flask alid pre soaked for 

30 seconds about 400-500 mls water. They were then 

subject to end over end shaking for 30 seconds and the 

contents of the ask passed through a 2 m.m. sieve. 

The remaining aggregates were then dried and weighed and 

this weight expressed as a percent of the total weight. 

For several samples the eff'ect of rent pre 

soaking periods were assessed (table 1C). Samp s 21, 

22 and 23 were tested for pre soaking times i, 1, 5, 

15, 30, 60 and 720 minutes (figure 23, table 18). Finally, 

sample 22 was tested 5 times to give an estimate of the 

atibility of this test (table 19). 

DISCUSSION 

The A.S. tests results tables 10 aHd 18 and 

figure 23 shows that, in genera~with a 30 second pre 

soaki period the Sand C layer aggregates are much more 

stable than those f'rom the Player. Often under these 

conditions the C layer mate al is more stable than the S 

layer. However, as the pre soaki time is increased the 

C layer aggregates rap ly decrease in stability whereas 

the S layer aggregates remain relatively stable. Player 

aggregates are very unstab with ttle or n.o.degree of 

aggregation remaining after one minute of pre soaking. 



Table 18 

The Effect of Different Pre Soaking 

Periods on the Results of the A.B. Test (see figure 23) 

Sampie 

Sample 

Sample 

Pre Soaking Period (minutes) 

~, 1 5 15 30 60 720 

21 (S layer) 69 69 75 66 63 60 65 

22 (0 layer) 59 41 37 16 4 3 

23 (p layer) 16 5 

% of aggregates remaining 

Table 19 

Variations in the Results of the 

A.B. Test when Repeated 5 Times 

Sample 21 (C layer) 

Pre soaking period 30 seconds 

Results (% of aggregates remain
ing) 

62% 65% 70% 71% 77% 



FIGURE 23 

The Effect of Various Pre Soaking Periods 

on the Results of the A.S. Test 
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It is easy to distinguish visually, on the basis of 

colour and structure, between C and S layer material, 

whereas it is difficult to distinguish between Sand P 

layer material. It appears from the limited amount of 

data presented here that the A.S. test (along with the 

C.D.B. and D.B.T. tests) can reliably distinguish between 

C and P layer material. The range of values shown in 

table 19 indicates that about 5 to 1C sub samples of the 

material would be sufficient to give a reliable indicat

ion of " the aggregate stability. Any pre soaking period 

up to about 15 minutes would readily distinguish C layer 

from P layer material and the period chosen would be 

somewhat arbitrary. 
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