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ABSTRACT 

At Upper Hutt, New Zealand (Lat. 41°07'S.) there is a sequence of 
seven loess/soil pairs that represents seven climatic cycles scanning 
the last half-million years (Fig. 1). Each loess layer accumulated in a 
dry, cool, possibly periglacial environment with an average temperature 
about 4°C to 6°C lower than at present. The five oldest soils (paleosols) 
are red and each was probably formed in a seasonally humid climate with 
a hot dry period, with a mean annual temperature above 15.5°C and an 
annual rainfall of more than 1000 mm. Although the present soil and the 
youngest paleosol are not red at Upper Hutt both are strongly coloured. 

The sequence, known to be of Brunhes age, is divided by the 
Mangaroa Ash (340 000 yr B.P.), the Mt Curl Tephra (230 000 yr B.P.) and 
the Aokautere Ash (Kawakawa Tephra) (20 600 yr B.P.). Correlation with 
the delta oxygen isotope stages of deep-sea cores indicates that the 
Aokautere Ash was deposited in "glacial" stage 2, the Mt Curl Tephra in 
"interglacial" stage 7, and the Mangaroa Ash probably near the beginning 
of "interglacial" stage 9. The oldest loess layer is correlated with 
"glacial" stage 14 that began 517 000 years ago; the younger six loess 
layers are assigned to "glacial" stages 12, 10, 8, 6, 4 and 2 respec
tively, and the six paleosols are assigned to "interglacial" stages 13, 
11, 9, 7, 5 and 3; the present day soil is assigned to "interglacial" 
stage 1 (Fig. 1). 

The seven cyclic climatic changes recorded in the Upper Hutt 
sequence apparently indicate a response to cyclic changes in the 
earth's orbital parameters and the alternating climatic regime at 
Wellington supports the suggestion that cyclic climatic changes have 
been globally synchronous for the past 500 000 years. 

KEY WORDS: Loess/paleosol pairs; climatic cycles; loess; red 
paleosols; oxygen isotope stages; volcanic ash; Upper Hutt; 
New Zealand. 
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CAPTION FOR FIG. 1 

Column from Radiata Grove, Upper Hutt, showinr seven loess/soil 
pairs. In ascending order the five oldest soils e-» red paleosols; the 
sixth is an orange paleosol and the seventh is the aresent day soil. 
Stipple - loess; vertical lines = red paleosol; diajonal lines = orange 
paleosol and present day soil; crosses = volcanic eh. Numbered oxygen 
isotope stages, 1-14, after Shackleton and Opdyke 1973); dates for 
oxygen isotope stage boundaries after Morley and h?'s (1981). The 
Mangaroa Ash, 340 000 yr B.P., the Mt Curl Tephra 20 000 yr B.P. and 
the Aokautere Ash, 20 600 yr B.P., provide time corcrol for correlation 
with the isotope stages. The age of the Mangaroa ^h is numerically 
identical with the calculated age of the Castledi—ian/Hawera boundary, 
340 000 yr B.P. The sequence rests unconformably oi Kaitoke Gravel of 
Nukumararuan age more than 1.26 m.y. B.P. 
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INTRODUCTION 

At Radiata Grove, Upper Hutt, New Zealand (Latitude 40°07' South) 
there is a conformable sequence of seven loess/soil pairs that repre
sents seven climatic cycles that are considered to span the last half-
million years. The five oldest soils are red paleosols each of which 
is developed on a loess layer so that there are five loess/red 
paleosol pairs (Fig. 1). The youngest paleosol at Upper Hutt is 
orange but its correlatives at Hill Road, Belmont and St. Catherines 
Terrace, Tawa, are weakly but distinctly red. There are thus six 
loess/red paleosol pairs in the Wellington region. The present day 
soil that is no* red at any Wellington locality forms part of the 
seventh loess/soil pair. Each of the red paleosols, and the orange 
paleosol has been bioturbated by earthworms. This bioturbation is 
most strongly developed in the Radiata Red Paleosol and the Rimu Red 
Paleosol; these two bright brick-red paleosols are the most highly 
coloured ( 10R5/8). 

Te Punga (1964) followed Krynine (1949) in suggesting that red-
weathered beds at Wellington had been formed under a seasonally 
humid climate, with a hot dry period, with a mean annual temperature 
above 15.5°C and an annual rainfall of more than 1000 mm. The 
present mean annual temperature at Wellington is 12°C and annual 
rainfall Is 1200 mm. There 1s no hot dry period. At present no red 
soil 1s forming at Wellington because the,temperature is too low and 

i 

there is no hot dry period. Gardner (1981) summarised the 

literature on the reddening of sediments and described the reddening 

of coastal dune sands in southeast India, where red weathering has 
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led to the formation of a haercatite, kaolinite and i l l i t e rich matrix. 

The sands vary in colour froir 2.5 YR 4/8 to 10R 3/6. This reddening has 

taken place very rapidly over the past 25 000 years. Gardner attributes 

the rapidity of weathering in part to a favourable oxidising micro-

environment within the coastal dunes. Prior to Gardner's study i t had 

been commonly assumed that brick-red dune sands fonned by red-weathering 

in situ were hundreds of thousands years old, or more (see Gardner 1981). 

Pye (1981) described red-weathered profiles (2.5 YR 4/8)from northeast 

Australia that have developed in stabilised dunes of Holocene age in 

humid tropical conditions within the past 7500 years. The reddening of 

the red paleosols developed on loess at Upper Hutt has taken place more 

slowly than the reddening of dune sands in India and Australia; e.g. 

the brick-red Radiata and Rimu Red Paleosols (10 R 5/8) were each 

reddened in about 50 000 to 60 000 years (Fig. 1). The reddening of 

the Indian dune sands took place in a "hot sub-desertic climate" with 

a mean annual rainfall of 600 win (Gardner 1981). Such a climate 

would not be expected during the last half-million years at Wellington. 

However, the climate at Wellington may have been somewhat similar to 

the humid tropical conditions that prevailed in northeast Australia 

when the stabilised dunes were reddened. 

The names for the loess layers and paleosols at Upper Hutt are 

informal. They are taken mainly from the names of trees that were used 

as markers during the period of excavation for the Timberlea housing 

development, Upper Hutt, from 1970 to 1980. The loess names in 

ascending order are Kika Loess, Totara Loess, Radiata* Loess, Rimu 

Loess, Tawa Loess, Vista* Loess and Kowhai Loess. The soil names in 

ascending order are Kaka Red Paleosol, Totara Red Paleosol, Radiata* 
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Red Paleosol, Rimu Red Paleosol, Tawa Red Paleosol, Vista* Paleosol and 
the present day soil. (*Radiata and Vista are street names.) 

LOESS LAYERS 

It is generally agreed that vegetation at the site of deposition 
is necessary to trap windblown silt so that loess can accumulate. 
Vegetation is rooted in soil so that as the loess accumulates plants 
re-root at successively higher stratigraphic levels leaving an evenly 
weathered layer below. A layer of loess is thus a polygenetic layer of 
soil that has been subjected to weak soil-forming processes throughout 
the period of its accumulation. At Upper Hutt each of the seven loess 
layers has been subjected to a major period of distinctive soil 
formation after accumulation ceased. 

The seven loess layers in the sequence are informally referred to, 
in ascending order by the following names (Fig. 1): Kaka Loess, Totara 
Loess, Radiata Loess, Rimu Loess, Vista Loess and Kowhai Loess. The 
Kaka, Totara and Radiata Loesses are all yery similar in outcrop and in 
hand specimen. They are dull brownish-yellow dense tenacious clays that, 
when damp, can be pared easily with a knife. Each layer has been 
weathered as it accumulated. The R1mu Loess is slightly less dense 
than the old loesses and parings of the clay are slightly silty. The 
Tawa Loess 1s a silty day, the Vista Loess 1s a clayey silt, and the 
Kowhai Loess 1s a slightly clayey silt. 

In some places, in all the loesses, the vertical partings, 
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typical of loess, are developed. They are well-developed in the younger 
four loesses and they are especially well-developed in the Radiata 
Loess and Radiata Red Paleosol. In the latter in a few places the 
partings pass up into and through the rock-hard halloysite layer below 
the Mangaroa Ash (described later) which has been etched by weathering 
to display the partings. In one place in the Radiata Red Paleosol the 
dominant partings have almost planar faces that extend downwards for 
30 cm, only 2 mm apart. 

Each loess layer is considered to have been formed when the 
climate was dry, cool and possibly periglacial, with an average 
temperature about 4° to 6° lower than at present (Milne 1980). 

Source of the Loess 

Each loess layer accumulated during a major glacial episode in 
high latitudes when sea level was low so that sediment from the 
exposed sea floor was available for transport by the wind. Upper Hutt 
is about 30 km east and 30 km north of the present coast and the 
prevailing westerly and southerly winds could have carried silt from 
the exposed sea floor. Only the Radiata and Rimu Loesses were 
examined for sponge spicules. The presence of sterrasters of the 
marine family Geodiidae (Rich 1958) indicates that some marine silt 
has contributed to these loess layers. 

It is not known what amount of the loess came from the bared 
coastal strip and how much came from nearby river bed with silt 
suitable for aeolian transport. It is surmised that the Kaka, Totara, 
Radiata and Rimu Loesses may contain an appreciable quantity of silt 
that was picked up from the coast and that the Tawa, Vista and Kowhai 
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Loesses may be dominated by silt that was derived closer at hand 

from river and stream beds. The upper three loesses are slightly 

coarser textured than the lower four but it is possible that this 

change in texture is due to downward increase in weathering. Moreover, 

the nature of the landscape from 250 000 to 500 000 years ago was con

siderably different from the present terrain (see Ghani 1978). 

PALEOSOLS 

Colouration of the red paleosols 

Challis (1975) observed that the Mangaroa Ash at Radiata Grove 

contained numerous small cubes and spherules of haematite formed by 

alteration of pyrite. She noted that "the brown colour of the ash 

derived from rather weathered brown volcanic glass which was the main 

constituent and the haematite pseudomorphs did not contribute much to 

the general colour. In the overlying loess-like material [the Rimu 

Red Paleosol of this account}, however, cubes and spherules of 

haematite occur in all stages of disintegration and finely dispersed 

haematite gives the deposit a bright brick-red colour". The Radiata 

Red Paleosol that lies beneath the Mangaroa Ash also shows cubes and 

spherules of haematite that have disintegrated and colour the paleosol 

bright brick-red. Examination of the other three red paleosols, Kaka, 

Totara and Tawa shows that the red colour is also due to finely 

dispersed haematite but because there Is a smaller amount they each 

show a much weaker red colour than the Riwu and Radiata Red Paleosols. 
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Each of the five red paleosols is thus coloured red by dispersed 

haematite. 

Pre-Cretaceous greywacke sandstone and argi l l i te which forms the 

bedrock in almost the whole of the Wellington region contain signif i 

cant amounts of pyrite (Reed 1957, Dr G.A. Challis pers. conn., and 

personal observation). I t is considered that pyrite, released from 

the greywacke has been delivered to the loess source area and then 

blown into the loess layers at Upper Hutt. The Mangaroa Ash contains 

an admixture of loess and this loess fraction contained wind-blown 

pyrite that was altered to small cubes and spherules of haematite. A 

small amount of pyrite may have been delivered to the site as a con

stituent of the volcanic ash. I t is not known why the cubes and 

spherules of haematite did not disintegrate and disperse in the 

Mangaroa Ash. 

Radiata Red Paleosol and Mangaroa Ash 

The highly weathered Mangaroa Ash forms the upper part of the 

Radiata Red Paleosol. The ash was deposited on the Radiata Loess ard 

the ash and the underlying loess have both been subjected to the same 

type and amount of weathering. The brown ash 1s speckled throughout 

with minute specks of white gibbsite, and in the basal portion there 

are concentrations of rough-sided poorly shaped rods of pure gibbslte 

up to 7 cm long and 1.5 cm in diameter; most rods are much smaller. 

The rods are associated with Irregular shaped masses of pure gibbslte 

and in a few places these make up about one third of the weathered 

material. Below this soft ash there 1s a rock-hard pale grey layer 

up to 10 cm thick, but usually thinner. This hard layer, which has a 
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subconchoidal fracture, is composed of up to 50-60% halloysite and up 
to 40-50% quartz (C.W.R. Soong pers. comm.). Microscopic examination 
of thin sections show that the halloysite is tightly bonding quartz 
grains that are part of the Radiata Loess. The top part of the grey 
halloysite-rich layer commonly shows a vertical pattern of red 
haemqtite films and streaks that quickly become more dense and 
pervasive near the base where there is a transition zone down to 
typical soft Radiata Red Paleosol developed on Radiata Loes*. 

It seems likely that the Radiata Loess that has been bonded 
with halloysite contained some cubes and spherules of haematite that 
have disintegrated and dispersed to form the prominent red films and 
streaks that characterise the upper hard part of the halloysite-rich 
layer. In some places the halloysitic layer is jointed and thick red 
films of haematite are prominent on the joint planes. 

Tawa Red Paleosol and Vista Paleosol 

The Tawa Red Paleosol is of interest because it has beer developed 
during the Last Interglaclal (isotope stage 5, 128 000 to 72 000 years 
ago). At Belmont, 15 km southwest of Upper Hutt and at Tawa 22 km west-
southwest of Upper Hutt, there are sequences that are stratlgraphlcally 
almost Identical with the sequence at Radiata Grove, Upper Hutt, from 
the base of the Radiata Loess upward. Both at Belmont and Tawa the 
Tawa Red Paleosol 1s characteristically developed. 

i 

The Vista Paleosol (Isotope stage'3, 58 000 - 27 000 yr B.P.) 
1s orange at Upper Hutt but it 1s red at both Belmont and Tawa. It 
seems possible that the correlatives of the Vista Paleosol at 
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Belmont and Tawa are red because at their time of formation the climate 
was such that reddening took place whereas the climate was unsuitable 
to redden the Vista Paleosol at Upper Hutt. At the present time Upper 
Hutt has a cooler climate than Belmont and Tawa as judged by the 
number and intensity of winter frosts. 

Clay analyses of red paleosols 

Clay analyses of red paleosols from Radiata Grove are shown in 
Table 1. 

Table 1: % based on infrared spectrophotometry (semiquantative analysis) 
by C.W.R. Soong; XRO by J.A. Olivecrona and A.D. Cody; 
DTA by M.W. Gardner. 

Red 
paleosol Quartz 

Plagioclase 
feldspar Ha Hoy s i te I l l i te Allophane Chlorite 

Tawa 46 21 16 11 trace 5 

Rimu 51 18 20 5 trace 5 

Radiata 47 15 26 13 trace n.d. 

Totara 52 n.d.* 35 12 n.d. n.d. 

Kaka 45 n.d. 40 14 n.d. n.d. 

The two oldest,red paleosols, Kaka and Totara, do not contain 
plagioclase feldspar and 1t seems possible that either the feldspar 
has been completely altered or that there was no plagioclase 1n the 
parent loess. The halloysite Increases downward 1n the section 
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suggesting that there has been progressively more overall alteration 
in the older red paleosols. 

Bioturbation by worms 

In all the red paleosols worms have thoroughly bioturbated the 
soil from top to bottom. When a damp hand specimen of clay from a 
red palesol is pared with a knife a maze of intertwining and intersecting 

filled fossil worm burrows can be seen. These are most prominent and 
most abundant in the Radiata and Rimu Red Paleosols. In many filled 
burrows there is a very narrow zone at the margin that is conspicuously 
much redder than the bulk of the red filling. Oxygenation at the time 
of burrow formation may have led to the concentration of red pigment 
at the burrow margin. It has also been noted that cross-sections of 
worm casts are more intensely red than the host clay. Again 
oxygenation at the time of casting may have concentrated the red 
pigment. 

VOLCANIC ASH BEDS 

Three beds of rhyolitic volcanic ash divide the upper portion of 
the loess/soil sequence at Upper Hutt. All three ashes were erupted 
from the Taupo Volcanic Zone about 300 km north of Upper Hutt. The 
dates for these volcanic deposits provide time control for correlation. 

The Aokautere Ash (Kawakawa Tephra) 1s 20 600 yr old (Milne 
1980). It does not form a distinct layer at Upper Hutt where it 1s 
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represented by a zone in the Kowhai Loess, about 8 cm thick, which is 

rich in glass shards. The Aokautere Ash is assigned to "glacial" 

stage 2 of the delta oxygen isotope stages. 

The Mt Curl Tephra, 230 000 yr old (Milne 1973), forms an 

irregular thin browr layer, up to 4 cm thick, beneath the Tawa Loess 

and above the Rimu Red Paleosol. It is assigned to "interglacial" 

isotope stage 7. 

The Mangaroa Ash, 340 000 yr old, has been discussed by Naeser 

et al. 1980. It rests beneath the Rimu Loess and is closely related 

to the top of the Radiata Red Paleosol. At Upper Hutt and elsewhere 

the Mangaroa Ash has distinctive rod? and pieces of gibbsite at and 

near the base. The terminations of the hypersthene crystals in this 

ash show bold cockscomb (hacksaw) structure resulting from prolonged 

and/or intense weathering. In the younger Mt Curl tephra cockscomb 

structure is markedly less developed. The Mangaroa Ash was deposited 

near the beginning of "interglacial" isotope stage 9. 

AGE AND CORRELATION 

Veil a et al. (1976) concluded that the paleomagnetically normal 

Rimu Red Paleosol, Mangaroa Ash and Radiata Red Paleosol were all of 

Brunhes age (less than 730 000 yr B.P.). The correctness of this 

conclusion was demonstrated later when fission-track dating showed 

that the age of the Mangaroa Ash was about 340 000 yr B.P. (Naeser 

et al. 1980, p. 617-618). 
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Correlation with the delta oxygen isotope stages of deep-sea 

cores (Shackleton and Opdyke 1973) indicates that the Aokautere Ash 

(20 600 yr B.P.) was deposited in "glacial" stage 2, the Mt Curl 

Tephra (230 000 yr B.P.) in "interglacial" stage 7, and the Mangaroa 

Ash (340 000 yr B.P.) probably near the beginning of "interglacial" 

stage 9 (Fig. 1). The oldest loess layer is correlated with "glacial" 

stage 14 that began 517 000 years ago; the younger six loess layers 

are assigned to even-numbered "glacial" stages 12, 10, 8, 6, 4 and 2 

respectively, and the six paleosols are assigned to odd-number "inter

glacial" stages 13, 11, 9, 7, 5 and 3; the present day soil is assigned 

to "interglacial" stage 1 (Fig. 1) . 

At Upper Hutt there is no evidence that indicates glacial con

ditions during the even-numbered "glacial" stages of Shackleton and 

Opdyke so that the loess/soil pairs are not glacial/interglacial 

pairs. Although i t could be surmised that they are periglacial/ 

interglacial pairs they are best regarded simply as cool/warm pairs; 

the loess layers were deposited during cool conditions and the soils 

were formed in warm conditions. The seven paired cool/warm climatic 

changes recorded at Upper Hutt indicate a response to cyclic changes 

in the earth's orbital parameters (Johnson 1982) and the alternating 

climatic regime at Wellington supports the suggestion that cyclic 

climatic changes have been globally synchronous for the past 500 000 

years (Kukla 1977). 

For New Zealand correlation i t is to be noted that the date of 

the Mangaroa Ash (340 000 yr B.P.) is numerically identical with the 
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Castled iffian/Hawera boundary date (Boellstorff and Te Punga 1977, 
p. 50). The age of the Nangaroa Ash and the Castlecliffian/Hawera 
boundary are thus closely similar. 

Kukla's climatic cycles 

In a discussion of cyclic patterns in the loess sequences of 
Czechoslovakia Kukla (1977, p. 329-381) introduced a system of 
lettering in which "each unit, delimited by two successive marklines 
is called a glacial cycle and is labelled by a capital letter. The 
elapsed part of the Holocene glacial cycle is labelled A, the last 
completed Pleistocene, cycle B, the next older one C, and so on, in 
order of increasing age Every glacial cycle is divided into a 
'lower' and 'upper' series. In the lower one dark-coloured soils ... 
predominate, while in the upper one, light coloured loess is the pre
dominant deposit." Kukla's glacial cycle begins with a soil and 
ends with a loess, i.e. a soil/loess pair. At Upper Hutt the 
sequence has for convenience been divided into loess/soil pairs. 

The following correlation between Kukla's lettered glacial 
cycles and the 'warm/cool' record at Upper Hutt is suggested. 
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Kukla Cycle 

(1977) begins (yr B.P.)* 

A 11 000 

(B) 
B 128 000 

C 240 000 
0 334 000 

E 421 000 

F 505 000 

G 517 000 

Upper Hutt 

Present day soil 
Vista Paleosol and Kowhai Loess 
Tawa Red Paleosol and Vista Loess 
Rimu Red Paleosol and Tawa Loess 
Radiata Red Paleosol and Rimu Loess 
Totara Red Paleosol and Radiata Loess 
Kaka Red Paleosol and Totara Loess 
Kaka Loess - only the "glacial" 
upper part of the cycle is present 

•Dates adjusted from Morley and Hays (1981) 

KAIT0KE GRAVEL 

The oldest loess layer, at the base of the sequence of seven 
loess/soil pairs, rests unconformabiy on the Kaitoke Gravel that is of 
Nukumaruan age as Indicated by palynology (O.C. Nlldenhall, pers. comm.), 
The youngest sediment of Nukumaruan age 1s not younger than 1.26 m.y. 
B.P. (Te Punga 1983) and the oldest loess at Upper Hutt 1s 517 000 yr 

B.P. so that the unconformity below the loess represents at least 
743 000 years. At Radiata Grove the uppermost metre or so of the 
bouldery Kaltoke Gravel 1s locally reddened such that cobbles up to 
8 cm 1n diameter are red-weathered to their centres. Some of these 
pebbles are so intensely weathered that modern earthworms have 
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tunnelled through them leaving empty tunnels and rare casts. Nearby 

intensely weathered reddened cobbles, pebbles, and sandy s i l t matrix 

have been extensively bored by modern Cinoinidella - a boring and 

tunnelling insect (C.A. Fleming pers. comm.). The round tunnels are 

about 3 - 4 mm in diameter and their entrances are spaced at about 1.5 

to 2 mm apart. 

I t is not known whether the red-weathering of the Kaitoke Gravel 

is related to pyrite as a source of haematite - nor is i t known whether 

the reddening is part of a paired cyclic change in climate. The 

Kaitoke gravel is 100 m thick in the Upper Hutt district and apart 

from local red-weathering at its top there is no sign of reddening 

in the remainder of the gravel. 
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