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Abstract: Petrological. geochemical. geochronological and palacomagnetic data for rocks ol the Northzand

aphiolite terrane ot northern New Zealand suggest that it formed i a suprasubduction-zone setting between

29 and 26 Masat 0 35S0 close to s Late Oligocene obduction site. Cretaceous igneous rocks formerly

considered to he part of the ophiolite probably represent the basement upon which the ophiolite was cmpliaced,

and are probably part of the Mount Camel arc-related terrane. The ophiolite is beliesed to have been gencrated

m the southeastern South Fiji Basing close to a NW SE-oriented transtorm fault located o the SW ot the

Vening Memess Fracture Zone, and was probably emplaced i response o the collision of the Hikurangs

Plateau with castern New Zealand at the end of the Oligocene. This collision would hive imvolved & major

adjustment on the transform: fault. thereby allowing a portion of the upper-crustal ~ection of the southern

South Fiji Basin to he emplaced southwestward onto northern New Zealand as well as the coeval cmplacement

ot the Fast Cape Allochthon o the south. Concomitant subduction of the Tower crust mantle section led 1o

the imtiation of are voleanism that resulted in the Northland Lower Miocene voleanic plutonic suite,
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The 1000 Ma tectonie evolution of the SW Pacitic region has
been complen (Yan & Kroenke 19930 Hall 2002). In the Larly
Cretaccous, the castern edge of the Australian Plate formed a
comvergent boundary against which various “Pacific” occanic
terranes were acereted. From about 80 to 53 Ma. castern
Gondwana experienced Jarge-scale extension and fragmentation.
and a number of ribbon-like slivers of Australian basement
simultaneously separated from the margin extending the Austra-
ltan Plate 2000 ki castward (Falvey & Mutter 1981: Gaina er
al. 1998). In the Palacogene. the castern edge of the plate
became a convergent boundary and  oceanic  terranes were
acereted against the Australian Plate at various stages in castern
New Guinea. New Caledonia and northern New Zealand (Malpas
efal. 19920 1994, Since the beginning of the Neogene. the

system has continued o evolve. particularly in the formation of

the three-ridge spreading syvstem in the West Fiji Basin and with
development of the Lau (back-are) Basin.

Geological setting

The Northland ophiotite of northern New  Zealand  (Fig. 1)
comprises massifs of mainly basaltic voleanic rocks, which form
the upper thrust shices of the Northland Allochthon, It represents a
Key fragment in a commonly accepted regional model {Aubouin
et al 1977 Walcott 1978: Parrot & Dugas 1980). where it torms
the youngest emplaced segment of an almost continuous Late
Cretaccous Focene oceanie belt that collided with castern Gond-

wana diachronously. starting in the north in New Guinea in the
Palacocene (Davis 1971) followed by New Caledonia in the latter
part of the Eocene (Al & Aitchison 2000y However. to under-
stand the role of the Northland ophiolite in the development of the

SW Pacific. a number of points need 1o be addressed. including
the tectonic setting in which it formed. when and where it formed.
and how it relates 1o other regional tectonie clements.

Despite the efforts of various workers (Malpas ¢ wf. 1992
Cassidy 19932 Nicholson er al. 2000a. by a clear consensus on
the origin of the Northland ophiotite has not vet emerged. One of
the biggest questions coneerns its age. Tradittonally. it has been
aceepted that the ophiolite tormed in the Late Cretaceous to
Pulacocene. based on micro- and macrofaunas recovered from a
number of massits (Farnell 1973: Brook o al. 1988: Larsen &
Sporli TO89: Hollis & Hanson 1991, Unul recently, radiometric
dates have been based on K- Ar dating methods, but the large
spread o ages (100 42 Ma) (Brothers & Delabove 19825 has
made  their mterpretation and svinthesis difficult in a tectonic
model. The problem with o . 80 SS ALy fossil-age spread for
the generation of the ophiolite is that 11 s difficult 10 develop o
plate model that places such old occanie crust adjacent 1o
northern New Zealand in the Late Oligocene (Malpas or al.
1992) In an attempt o resolve this conundrum, we have carried
out multidisciplinary rescarch imvolving field studies. radiometric
dating. gcochemistry, palacontotogy and palacomagnetism. (For
example. geochemical data elearly indicate that all rocks mapped
as ophiolite formed in suprasubduction-zone  environments
(Hopper & Smith 1996 Thompson o7 o/ 1997 Whattam 2003,
The geochemical data. however. when placed in a regional
context and matched with other nearby voleanic bodies qc.p.
Mount Camel Voleanies. and possibly the (2)Cretaceous Hikur-
angi Plateau basalts) (Kamp 1986). together with our radiometric
data. suggest that the Northland ophiolite. as it is currently
mapped. represents two distinet units: one relatively minor group
of rocks that formed in the Late Cretaccous and the main part of
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Fig. 1. Simplified geological map of
northern New Zealand showing the location
of the Northland ophiolite and Cretaceous
arc-related outcrops sampled for
geochemical and geochronological analyses.
Inset shows location of Northland in the
SW Pacific with respect to New Caledonia

and Papua New Guinea.

the allochthonous igneous  terrane that formed in the Late

Oligocence).

Ficld exposures
Northland ophiolite

Outerops consist primarily of” basaliic pillow lavas and less
common sheet flows, Basalt dominates with subordinate diabase
and gabbro. together with minor alkalic rocks (Larsen & Parker
1989 Nalpas  ¢r al. 1992: 1997}, Rare
ultramatic rocks crop out at North Cape (Bennett 197603 (Fig. 1)

Iompson  ¢r ul.

and include o variety ot lithologies  including  serpentinite.
cumulate  harzburgite and  Iherzolite. olivine  clinopyroxenite,
1992). In
addition. minor intermediate and acid intrusive rocks that mclude
diorite. quarty diorite and plagiogranite torm part of the terrane
(Malpas o7 «f. 1992 Thompson er al. 1997). The plagiogranites

are present as irregular dykes and micro-sills intruded into- the

wehirlite dvkes and  hornblendite  (Malpas er ol

high-level gabbros of the ophiolite.

Cretaceons arc-related rocks

voleaniclastic rocks  are exposed o two small (e

Rare
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GENERATION AND EMPLACEMENT OF THE NORTHIAND OPHIOLIT] 227

10 m > 10 my outcrops on the NE coast near Whangaroa (massif’

I7. Fig. D Alkalic basalts are conlined to the Towest exposed
stratigraphic level of the Apenga massit” in south central North-
land and are overlain by tholeiitic basalts. Transitional basalts
consist of sheet flows and less common pillows and are restricted
to the Bluft massif on the west coast between Ahipara and Cape
Reinga (masstf” 50 Figo 1), The voleaniclastic rocks and the
transitional basalts probably represent an extension of the Mount
Camel basement terrane (Isaac er af. T988). The alkalic basalts
may represent the southernmost extension of. or a unigue
bascment terrane  ditferent from that of. the Mount Camel
terrane.

Petrology

Petrological diftferences between the ophiolite and arc-related
rocks arce readily apparent. Tholeiitic basalts of the Northland
ophiolite comprise primarily labradorite (phenocryst cores Ans,
2. groundmass cores Ay o1 ). augite (phenocryst cores Wosy
lms spbspy o0 groundmass cores Woss g knge o:Fs) o0
and magnetite with rare orthopyroxene and olivine. They display
textures characteristic of submarine basalt and exhibit sccondary
alteration phases typical of hydrothermally altered submarine
voleanic rocks. i, chlorite. epidote. palagonite and zeolites
(stilbite  laumonite).

Basaltic intrusive cquivalents of the thaoleiitic basalt include

diabase and gabbro. and intermediate and acid ditferentiates of

diorite and plagiogranite. As with the basalts. the diabase and
gabbro comprise primarily plagioclase. clinopyroxenc and magne-
tite. Gabbro plagioclase is byvtownite (An-y ) whereas diabase
plagioclase is essentially labradorite (Ane, -1). Augile is the
clinopyroxene in both the gabbro and diabasc. The diorites consist
of andesine (Any <o), amphibole (cummingtonite). quartz, rare

augite and titaniferous magnetite. Plagiogranite is composed of

albite (Any <), quartz. rare amphibole and augite. chlorite.
amphibole and titaniterous magnetite. Micrographic textures are
well developed in the plagiogranite manifest as granophyric
ntergrowths of albite and quartz. The plagioclase compositions
decrease in Ca and svmpathetically increase in Na with increasing
fractionation from gabbro to diorite and 1o plagiogranite.

The transitional basalts of the arc-related  suite are best
classificd as spilites or keratophyres (the voleaniclastic rocks are
interpreted to represent reworked transitional basalt). The spilites
comprise albite (phenoceryst cores Ans <. groundmass  cores
Anz o) rare green. pleochroic augite  (phenocrvsts Wosg
wslings gybsae o). chlorite. potassium feldspar and  titanite
{grothite). Clinopyroxenc is absent from the groundmass.

The ophiolite-related  alkalic basalt consists of labradorite
{(phenocryst cores Ansy 5o, groundmass cores Angs o). pink,
pleochroie titanaugite phenoerysts (cores Wos- iEngs j0Fs s
lo) and groundmass diopside (cores Wos,Enz  Fsyo). ubiquitous
olivine pseudomorphs composed of caleite and iddingsite, am-
phibole and magnetite. The arc-related alkalic basalts are grossly
similar o those from the ophiolite: however. olivine pseudo-
morphs are absent. the groundmass clinopyroxene composition is
ditferent (augite WogsEnyFsso). with lower TiO: contents (2
Iwt®o v, 5 0 wt"a). and amphibole is absent.

Geochemistry
Analvtical technigues

Some 120 samples collected trom 20 massifs (Fig. 1) were cleaned and
crushed man agate mill. Major element abundances were obtained by

standard XRE techmiques (Norris & Chappell 1977) at the Department of
Geology, University o Auckland. Certain trace clement abundances all
except HE Ta Nby were determined on pressed pellets by NRE at the
University of Hong Kong, A subset off 62 whole-rock samples were
dissolved in hydrochloric and mitrie actd and analvsed by means ot
inductively coupled plasma mass spectrometry (FCP-MS)at the University
ot Hong Kong to determine selected trace element (HE Ta, Nb) and RE
concentrations. Complete analyses of voleanic and plutonic rocks of the
Northland ophiolite and the Cretaccous are are available tfrom the Brinsh
Library Document Supply Centre, Boston Spac Wetherby, West Yorkshire
ES23 7B UK as Supplementary Publicanion Noo SUP TS2T3 (3 pages). It
1s also available onhine athip: wwwgeolsoc org uk SUPIR2T3,

Resulis

Hopper & Smith (1996) were the fist to detect a suprasubduc-
ton-zone signature tor rocks forming the Northtand ophiolite
based on their geochemical study ot gabhros and sheeted basaltic
mtrusive rocks from North Cape in the far north of Northland
tlig. 1) Rescarch conducted by Thompson ¢ af. (1997) on
plutonic rocks. and Nicholson 7 «f. (2000a. Ay on tholeiitic
basaltic rocks of the Northland ophiolite corroborate the findings
of Hopper & Smith (1996). Geochemical data from this study
further substantiate these findings (Fig. 2a and by An important
feature of our dataset is that it is the first to unequivocally show
that previously mapped rocks of the ophiolite can be subdivided
not only on the basis of petrological and geochemical character-
istics. but also by geochronology.

Like the normal mid-ocean ridge basalt (N-MORB}-normal-
ized signature displayed by the ophiolite basalts, the voleaniclas-
tic rocks have o prominent negative Nb anomaly with respect 1o
Th and Ce but display higher N-MORB-normalized concentra-
tons of Nb (Fig. 2¢). This patern of higher concentrations of Nb
and Zr but fower concentrations of T and Y relative to N=-NMORB
is typical of cale-alkaline are basalts (Pearce 1982).

Chondrnite-normalized REL patterns for all voleanie rocks are
shown in Figure 3. The Northland ophiolite basalts are Hight REL:
(LREE) depleted. of generally Tow concentration (maximum 40«
chondrite). indicative of an N-MORB-like depleted magma source
(Fig. 3a). The alkalic basalts display LREE and middle REL
(MRELE) enrichment (Figo 3b). A single sample shows [ REL
enrichment not present in the tholeiitic basalt samples. suggesting
that it s unrelated to these basalts. In stark contrast to - the
tholetitie basalts. the volcanic rocks of the arc-related suite display
significant LREE and moderate MREE enrichment. suggesting
formation by melting of an LREE-enriched source (Fig. 3¢).

Plagiograniic chemistry

Frgure 2d shows the similarity of N-MORB-normalized patterns
of the diorites and dated plagiogranite sample NUKU 19,1 (o
those of the ophiolite gabbroic suite. Negative P oand i
anomalies suggest apatite and Feo Ti oxide fractionation. Shown
in Figure 3d is the chondrite-normalized REE composition of the
dated  plagiogranite (samiple NUKU  19.0) the less evolved
diorites and the “parent” gabbroic suite. The largely flat R1E
pattern of the diorite and plagiogranite with minor LRIEL
depletion s identical to that of the ophiolite gabbroic *parent”
suite from which it differentiated. and is tvpical of plagiogranites
in general (Coleman & Donato 1979). Its pattern s similar to
stgnatures reported for plagiogranites from other ophiolite com-
plexes (e.g. the Karmoy ophiolite. Pedersen & Malpas 1984 the
Sarikaraman ophiolite. Flovd ¢ o/ 1998) and has been shown to
represent extreme fractional  erystallization from a hyvdrous
gabbroic source (Pedersen & Maipas 1984,
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HATTANU T 1)

Tectonic atfiniticos

e N-MORB-normalized concentrations of” the tholentic rocks
display a negative Nbanomaly and an enrichment i Targe on
lithophile elements (LIEE L These two features are indicative of
formation i a suprasubduction-zone environment. Fhis is con-
firmed i the Th I Ta diagram off Wood (1980} (Whattam
2003). The ditferences between the ophiolite and Cretaceous are-
related rocks are shown in Figure 4. Alsoo the tholenitic basalis
plot almost entirely as back-are basin basalts. with some overlap
into the voleanic-are tholenite ficld in the fa Y Nb diagram of
Cabanis & Lecolle (1989) Conversely. the are-related basalts
and volcaniclastic andesites plot as continental - basalts and
continental are basalts. respectively (Whattam 2003).

The likelihood of Tormation in a back-are environment for the
ophiolite tholeiitic basalts is established when a comparison of
their N-AMORB-normalized patierns is made with suprasubduc-
fion-sone lavas of the Lau back-are basin (data compiled by
NMettie of of. (19961 and Whattam (20031, The morphology of
the patterns is similar. with comparable LILE enrichment: how-
ever. the Northland ophiolite basalts display slighter high field
strength clement (HESE) depletions. When Ti Zr v Ze (ppiy)
concentrations of the tholeritic basalts are compared with western
Pacific bach-are voleanic-are pairs. their composition is similar
o the former (Whattam 20030 particularhy basalts of the North
FFiji back-are basin tdata compled by Knittel & Oles ¢1995)).

SHRIMP U

Analviical 1echnigue

Pb analysis of plagiogranite zircons

Zircons wore separated  Irom plagiogranite sample NURE 191 by
comventional crushing, sizing. magnetic and density methods betore being
NMounts

photographed i ransmutied and - reflected hght for identiticanon ol

mounted mooeposy. polished and pold coared were  then
anahvsed erains. Cathodolumimeseence images were obtumed onca JEOI
SEA

Fhe imstrumental technigues for sotopic analysis of” zircons using the
Curtin sensitive hirgh-resotution fon microprobe (SHIRINIP TD are akin to
those of Compston o wf (1984 Fifieen Sod N standard zicons (0235
were mterspersed between the 25 plagiogranite: zircons. AL sotopie
measurements  were reduced by ofl=hine computer - programs - usimg
standard trechniques. Data reduction was done with in-house: programs
Kl and Plonk. Kol s based on Prawn from the Rescarch School ot
Farth Scicnees (RSES) at the Australian Natonal University tANU ) and
Plonk is the plotting program that gives statistics Tor the reduced data,
Ph U aues were nornudized o a value of S04 Ma determined by
ol the standard zircon /3

ages requires normalizaton o the

conventional U Phoanalysis The measure-
ment of P U and b
resulls of our standard analyvses and the " Ph N0 and P UL data
have been corrected for uncertainties associated with the measurements
of the (/3
mdependent of our standard analyses. The age of zircons N NS A
30 M and the P
age. Common Phowas corrected usimy the 204 method  discussed by

Compston e al. (1984,

candard. The 7 Ph " Phoages given e Jable 1oare

IS voung. CU g is the best estimate ol the true

Resulis

Sample NUKL
that display a0 highly comples internal structure, Many erystals

191 contains zircons with a variety of” textures

are equant. and most contain well-defined sector zones although
there are some small overgrow ths on the exterior of the ervstals.
However. the mternal complexity ol the zircons does not affect
the ages obtained from different grains. Cores. rims. high and
Jow U concentration regions. and ervatals of different morph-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GENERATION AND EMPLACENENT OF T

ology. all give the same age within the analvtical uncertainties.

I8

The mean “™Pbh=™U  age. based  on 24 analyses.
2853 1 0.2 Ma. where the uncertaity s the 20 error on the

mean. The results are slightly discordant. with a mean =" Pb ~*U
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NORTHEAND OPHIOLITE 229
age of 302 - 0.7\ a The mean =" Ph=""Pb age is poorh
constrained and cannot be used. The data are consistent with
there being a single age population of zircons, The ¥ value for
the ~"Ph =™ age is 0.73 for 24 analvses. and for the ™ Pb
NS
from a single Gaussian distribution. Figure 5 is a concordia plot
of all of the data and shows a single group of concordant zircons.
In the inset of Figure 5, the discordant zircon of Figure 5 has
been removed, so that the data for the other grains can be shown
on an expanded scale. There is no age difference between the
low and high U concentration analyses and no evidence of
disturbance since 28 Ma.

age 1t s 0,090 These values indicate that the zircons are

Nb * 2

Zr/ 4

Subdivisions are as follows:

Al = WPA C+D=VAB
All + C=WPT D =N-MORB
B =P-MORB

Fig. 4. Tectonic affinities of rocks of the Northland ophiolite and the
Cretaceous arc. Fields from Meschede (1986). Subdivisions are as
follows: Al, within-plate alkalic; AIl 4+ C, within-plate tholeiitic; B,
enriched MORB; C + D, volcanic-arc basalt; D, normal MORB.
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(1974).
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Table 1. Jon microprobe analytical U~Th—Pb data for zircons separated from plagiogranite sample NUKU 19.1
Spot U (ppm) T'h (ppm) Pb (ppm) Conc 206ph/ 238 age  27Pb/2 U age  2"7Pb/%Pb age  2"*Pb/*2Th age
(Ma) (Ma) (Ma) (Ma)
NUKU 1 1131 2055 7 13 28.5£04 31£3 219 + 264 29 £1
NUKU 2 531 625 3 7 279+ 04 3341 425 + 61 28 + 1
NUKU 3 637 768 4 0 28.8 £ 0.8 26 + 12 0 + 60 27+ 4
NUKU 4 264 250 1 0 27.5£1.0 23+ 18 0 =+ 81 267
NUKU 5 488 459 3 1 30.6 + 0.4 95+ 3 2340 + 52 54 £:2
NUKU 6 1434 2706 9 69 284+04 28+ 3 41 + 262 20 £1
NUKU 7 1348 2244 8 0 27.8 £ 0.5 27+6 0+ 44 28+2
NUKU 8 672 753 4 0 283+ 0.6 26 +9 0 + 68 27 4+3
NUKU 9 1568 3416 10 0 28.5+04 23+ 6 0+ 39 27 =1
NUKU 10 1535 5203 13 28 29.0 £0.3 30.=73 103 + 230 28 + 1
NUKU 12 743 1591 6 0 279 £0.8 20 212 0 + 41 30+2
NUKU 11 119 85 1 25 28.1+£2.0 29 + 34 113 + 1610 28 £ 18
NUKU 13 1565 3486 10 0 28.1 0.3 27 %3 037 27 |
NUKU 14 624 798 3 28 283 +0.5 20+ 6 102 + 457 27 =1
NUKU 15 1448 2713 9 0 28.0+0.3 26 +3 0442 261
NUKU 16 473 497 A 10 28.6 £0.8 32 £ 13 291 + 742 325
NUKU 17 1348 2429 8 25 28.6 £ 04 305 112 + 358 28 + 1
NUKU-18 1685 4060 12 128 289+ 0.3 29 =2 23 £+ 207 27 %1
NUKU 19 658 694 3 13 283 £ 0.3 31 == 215 =61 28+ 1
NUKU 20 549 592 3 10 279+ 04 3l =k 4] 286 + 67 29+ 1
NUKU 21 629 A7 3 0 28.3 0.6 28 8 0 56 26 3
NUKU 22 1000 1514 6 19 281 +£0.3 30+ 1 145 £ 52 2741
NUKU 23 759 1215 5 17 28.7+£0.3 30=k:1 167 £ 58 29+ 1
NUKU 24 1420 2796 9 19 28.3+0.3 30 £ 1 148 + 42 27 0
NUKU 25 667 754 4 0 28.0£0.5 2547 0+ 62 26 +2
Sample locations are shown in Figure 1. Uncertainties are 10 (Whattam 2003)
NUKU-19.1 204 correction which they were wtrasemeally cleaned. The samples, weighing between
0.006 S0 and 100w were wrapped in aluminium foil packets betore being
stacked longitudinally - the aluminium frradiaton cans. which are .
103 mm Jong and 25 mm in diameter. For monitonng the: gradient of
neutron Ty and obtaming ./ values for the age caleadation of the
samples. three or more packets containing suitable standard minerals, in
this case LP-6 biotte, havine a Ko Arage of 1277 0 L4 Ma (Odin er al.
0.005 19821 were stached with the samples in the same canister. The samples
i were frradiated along with the LP-6 biotite standard with K- Ar age of
206 1277 - L4 N o cOdin or o, 1982y i the V2O position at the THOR
- Pb m Reactor o Lawan for 300h After nradiation, the samples were fused
: “\U L P using o resistance furnace. and the gas was analvsed using a Varian-MA1
' 7 GD1A mass spectrometer at the National Tatwan University. The mean
0.004 / of the /7 values obtained trom the monitor standards was adopted in the
e age caleulations because the gradient of neutron flux across the canister
7 was rather small. The isotape interferences caused by Cac Kand CT were
monitored by analvtical results for the co-trradiated salts Ages were
n=23 caleulated from Ar sotopic ratios after corrections had been made for
55 mass discrimination. interfering nuclear reactions, procedural blanks and
0.003 — atmospheric Ar contamination. Analvtical procedures have been outhned
-0.1 0.0 0.1 02 i detail by Lo & Lee (19941 Results of the e VAr analvses are

207 s 235
Pb/ ~"U
Fig. 5. Concordia plot of all the SHRIMP U—Pb analytical data of
plagiogranite sample NUKU 19.1 and (inset) an expanded version with
removal of the lowest U, largest uncertainty zircon, and the discordant

zircon in the main figure

W Ar/? Ar step-heating
Analviical technigues

Onhv samples tat were fresh with hude or nosevidence ot alteration
(under the microscoper were selected tor the step-heating argon analysis,
Where present. secondars vemlets and alteration products were meticu-

fously removed. Basalt samples were crushed 1o 2 3mm preces afien

N

shown in Table 20 examples of plotted age spectrum diagrams are shown

i Figare 60 and the data are summarized in Table 3.

Resulis

Samples were categorized and interpreted based on the morph-
ology of age spectra procured. which reflects the phases present
in the rocks. The age spectrum morphologies can be broadly
‘tpes’. the which are

divided o two characteristics of

deseribed helow.

Tope 1oage spectrum morphofogys Samples of this type are

among the freshest (based on microsopic observation) of the
ophiolite suite. alihough minor alteration is apparent as uralite
atter clinopyroxene and palagonite after glass. Platcaux: exist
between the lowest temperature steps (45

500 () and inter-
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Table 2. “°4r/° Ar data for samples that yield plateau dates

]

Sample Assn Type Rock type % of °Ar Plateau temp. Plateau age Isochron age VArASAr
released (for (°C) (Ma) (Ma)
given plateau)
NO 1 Thol. basalt 80 450-900 26.1 1.0 244+ 11.8 322722507
NO 2 Thol. basalt 88 750-1150 283+34 27.1 1.5 296.6 £ 1.1
NO 1 Thol. basalt 94 500-970 26.2 £ 0.6 243+ 1.8 3159+£5.9
NO 2 T'hol. basalt 82 650-1080 28.8+0.5 279+ 1.5 302.5 £ 16.3
OPO 3.2 NO | T'hol. diabase 95 500-1000 25.1 12 24.6 + 4.1 2931 17.5
OPO 5.1 MA I Thol. basalt 93 640-1150 18.7+ 0.3 18.0+ 0.4 3053+ 54
TANG 1.1* NO 2 Thol. basalt 76 480-980 28.1+1.6 294 +23 291.9 + 14.6
WHGP 4.1* NO 2 T'hol. basalt 74 500-1050 296+1.0 31.1 1.0 289.0 +4.4
43555 (CB)* NO 2 Thol. basalt 14 450-1020 29.3 +0.7 30.1 + 1.1 296.6 + 6.8
TA 15 NO n.a Alk. basalt 99 725-1200 25008 275+ 04 263.6 +£ 19.3
TOTA 1.1 CA n.a Calc.-alk. 71 590-1020 109.0 + 0.7 107.3+24 358.8 +£ 0.7
volcaniclastic
WHANG 1.1 CA n.a. Calc.-alk. 83 620-1050 1074 £ 1.2 106.7 = 1.2 320.8 + 36.7
volcaniclastic
APE 3.1 CA? n.a. Alk. basalt 60 710-1060 92.2 £ 0.6 98.1 £0.9 202.2 + 0.9
“Type’ refers to spectra ‘morphology’ type (see text). Sample localities are shown in Figures 1 and 9. NO, Northland ophiolite; MA, Miocene arc; CA, Cretaceous arc
n.a., not applicable ‘ i
*Samples that fully satisfy the minima criteria needed for acceptance of a **Ar/*’ Ar age derived from a step-heating experiment (Lanphere & Dalrymple 1978)

mediate temperature steps (900 1000 C) with the release of
between 80 and 93" Y Ar for o given plateau (Fig, 6a). Two of
three samples vield platcau ages that are concordant with their
(reverse) tsochron ages. The platcaux extend from the carliest
step (temperature typically below 600 C) 1o intermediate tem-
perature steps (maximum 1000 Cy. After carefully correlating
the Ca K and CIK values tor these platcau steps with the
chemical compositions of phases present in the samples, we
conclude that the gas composition of these plateau steps reflects
the outgassing of glass at Tow temperatures. followed by that
coming from groundmass plagioclase and clinopyroxene. Thus,
the obtained plateau ages should be considered as cerystallization
(or cruption) ages. The anomaloushy old ages obtained at the
highest temperature steps possibly reflect degassing of pheno-
cryst assemblages, which possess inherited argon. The plateau
ages are 2601 0 100 262 - 0.6, and 251 + 1.2 Ma for the
tholetitic basalts and 230 : 0.8 Ma tor the alkalic basalt sample.

Tipe 2 age specirum morphology. The age spectrum of Tvpe 2
samples s silar to that of Type 1 apart from abnormally old
ages appearing i the lowest temperature steps (Fig. 6b). Petro-
graphic evidence shows that the Type 2 samples possess varving
degrees ol alteratton (palagonite after glass, uralite after clino-
pyroxene. minor alteration of plagioclase to chlorite and epidote.
and chloritization of microerystalline groundmass assemblages).
which is typically found in hvdrothermally altered volcanic
rocks. Nevertheless. they vield the most robust apparent ages,
satisfving all four minimum criteria required for the acceptance
of a *Ar Y Ar plateau age (Lanphere & Dalrvmple 1978). The
platcau ages for this group (283 = 34 288 £ 0.5, 293 = 0.7
and 29.6 - 1.0 NMay are also concordant with the =" Ph U agc
of 283 & 0.2 Ma for zircons separated from the plagiogranite.
Platcaux exist between Jow temperatures (430 300 °C) and high
temperatures (1020 11500 Cy with the release of between 74 and
8820 AT tor agiven platcau. The discordant (0ld) ages obtained
in the carliest and latest steps of the experiments are presumably
duc 1o excess argon: the spectra probably represent the product
of hydrous phases (i.c. deuterie or secondary chlorite) outgassing
at low temperatures and the outgassing of altered phenocrysts at
high temperatures, which are similar to those described by Lo er
al. (1994 for altered samples of voleanic rocks of the Luzon are

near Tatwan. Because of the instability (Lo, low retentiveness) of
alteration phases even at low temperatures, excess arzon ('Ar )
is released. vielding discordant (old) ages in the Tow-temperature
fraction of’ the spectra. For the high-temperature steps, excess
argon held in Jow itermediate temperature retentive sites (i.e.
cores). i liberated. reflected in the discordant (old) ages at the
high-temperature fraction of the spectra. At intermediate tem-
perature steps. gas dominated by the outgassing of unaltered
plagioclase represents the platcau. As discussed by Lo or ol
(1994). i many cases the plateau age of an altered sample can
stull provide constraints for the age ot cruption. as the possible
cifects of alteration may be reflected in age disturbances only at
low- and high-temperature steps. Moreover, i the alteration
reactions are hydrothermal the platcau ages can still be consid-
cred as the ages of voleanism. as such alteration often oceurs
concurrently with voleanism and the age dilference may be
smaller than the error of the age estimate.

Interpretation of ™" Ar 2 e siep-heating experiments

Consensus on the age of generation for the Northland ophiolite
has been clusive despite various radiometric studies emploving
K Ar dating on whole rocks and mincral separates (Brothers &
Delahoye 19820 Hopper & Smith 1996). The large range and
anomaloushy old ages (100 42 M) {obtained by Brothers &
Delahove (1982)) compared with this study may be attributed to
non-cquilibration of the samples with atmospheric Ar. although
this explanation is speculative because Brothers & Delahove did
not provide *Ar Ay ratios.

Conversely. Hopper & Smith (19960} obtained K Ar ages
ranging from 23 to 15 Ma on mincral separates of plagioclase
and hornblende from gabbro and sheeted intrusive rocks at North
Cape. They atributed the younger ages to argon loss. However,
the older ages (ie. ¢ 25 Ma) are not sigmbicantly ditferent from
the average age of ¢ 28 M a for the tholeitic basalts in this
study.

As shown in Tables 2 and 3. cight of the nine ophiolite basalt
samples range from 29.6 - 1.0 Ma o 251 - 1.2 Ma (the age of
one sample of 187 - 0.3 Ma is interpreted 1o represent o sample
from the Miocene are complex. a conclusion that is supported by
its chemical characteristics). The ophiolite alkahe basalt sample

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




R SONCWHINTTTANE 207 0]

¥
& -
(7 oo
E [ s N S ’
.—1 .—.— & »
®) ; é -
s : s E 5 L 7 2
= : 7 3
__: R 2 = B o P
Vo) o -
3 N
[ ]
)
=) . ,'.. M
Z =)
Z =
IV oy AV o IVp/AVg¢

»
86106 M
Released
-
>
b
Ar released

;: =z | s oA
- 2] F i| s
z £ z
v
v [ Al |
N/eD WD (VIN) 49V INTYVddV M0 ¥ED (V) DV INTUVAdY
e
& o 4 & =1
e .
Y = =
e S —
< <5
< =z

pectra morphology, Ca/K and CI/K ratios, and reverse isochron data for basalts from the Northland ophiolite subjected to OAT

(T2) age s

HOUTI1.1 WHOLE ROCK
43555 WHOLE ROCK
$e

(CB)
&

L
(=W
5
Yoy "Vog Vor/*Vog 2
J T T |Is l I T l 'é
| 1 g | s
b ; " % \ f 5 3 E
r : L -
= W < =
= T » b5 E1% & A
g - % : El. 5 =
A = - 5 gl ., § &
g g l g 3 w §
o IS . - | g 8¢
2 = & = G-
. 1 . L ‘ E S
v - BTN 2 5¥ | o %=
o} o B = - [88)] L
Y10 NVD  (VIN) DV INTUVddY o .8
N0 WD (VIN) 40V INTYVddV &%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GENERATION AND EMPLACEMENT OF THE NORTHEAND OPHIOPITY 233
Table 3. Data for all dating methods employed on geological material from the Northland ophiolite (Whattam et al. 2003)
Sample name Massif Assn. Geological medium Dating method Age (Ma)
HOUT 1.1 HOUT NO Thol. basalt 0 Ar/3? Ar step-heating (WR) 26.1 £ 1.0
MITI 1.1 MITI NO Thol. basalt 0 Ar/* Ar step-heating (WR) 283+34
NUKU 5.1 NUKI NO Thol. basalt 0Ar/*° Ar step-heating (WR) 262+ 0.6
NUKU 6.1 NUKL NO Thol. basalt 0 Ar/3% Ar step-heating (WR) 28.8 +0.5
OPO 3.2 OPO NO Diabase 0 Ar/3Y Ar step-heating (WR) 25:1E/1:2
OPO 5.1 OPO MA Thol. basalt 0 Ar*? Ar step-heating (WR) 18.7+0.3
TANG 1.1 TANG NO T'hol. basalt "0 Ar/* Ar step-heating (WR) 28.1+1.6
WHGP 4.1 WHGP NO T'hol. basalt 40Ar/3? Ar step-heating (WR) 296+1.0
43555 CB NO Thol. basalt Y Ar/* Ar step-heating (WR) 2934+0.7
NUKU 19.1 NUKI NO Plagiogranite SHRIMP U-Pb analysis 28.3+0.2
(zircon extracts)
TA 15 CR NO Alk. basalt 0 Ar/* Ar step-heating (WR) 25.0+0.8
TOTA 1.1 TOTA CA Volcaniclastic O Ar/*? Ar step-heating (WR) 109.0 + 0.7
WHANG 1.1 WHANG CA Volcaniclastic 0Ar/*? Ar step-heating (WR) 1074 £ 1.2
APE 3.1 APL CA? Alk. basalt A1/ Ar step-heating (WR) 922+0.6
HOUT 2.3 HOUT CA? Biogenic chert Radiolarian faunal assemblage L. Cretaceous
identification (Whattam 2003) Upper Palaeocene
NO, Northland ophiolite; MA, Miocene arc; CA, Cretaceous arc; WR, whole rock. All **Ar/*’Ar dates are plateau ages. Sample localities are shown in Figures 1 and 9 and

massif abbreviations are given in Figure 1

vields an age of 250 0 0.8 Ma. The older (e, 108 Ma) ages
obtained trom three voleaniclastic samples are probably attribu-
table to them bemg  fragments of the  genetically  unrelated
Cretaccous are (e, the Hovhora Complex. and derivatives there-
of). The distribution and focation of massits from which samples
were dated are shown in Figure 7.

Palacomagnetism and the formation latitude of the
Northland ophiolite

Palacomagnetic data can potentially be used to deduce where the
Northland ophiolite formed. Cassidy (1993) reported the only
palacomagnetic study so far carried out on Northland ophiolite
rocks, presenting data from the Cape Remga Massit, at the tip of
the Northland Peninsula (six sites). and the Mangakahia Massit,
160 km to the SE (also six sites). As with many palacomagnetic
studies of ophiolitic material. the data obtained were somewhat
variable. with only a limited number of sites vielding reliable
results (five of the 12 sites of Van der Voo (1990) criteria are
used as a guider see Al & Adtehison 2000y, Perhaps Cassidy's
most important conclusion. based on a subset of data. was that
the Northland ophiolite formed at about 15 20°S, a considerable
distance north of its present-day position, and cven further trom
its late Oligocene obduction site (¢, 38 S based on the modelling
of Schettino & Scotese (2001)), movement ot the
ophiolite so far south before obduction is unlikely (Al &
Aitchison 2000) because the regional sectors of the major
adjacent plates. i.e. Pactfic and Indo-Australian. both had consid-
crable absolute northward motion components throughout  the

Palacogene.

However.,

Palacomagnetic methods

Core specimens of 23 mm diameter were obtained using o gasoline-

powered rock-drill. The cores were oriented using a Brunton magnetic
compass inclinometer mounted on a Pomceroy orientation table. Gener-
ally sixcor seven mini-cores were collected from cach site. although at
some pillow lava sites it was only possible 1o collect three or four
samples because of drilling-induced fracturing ot the cores. The structural
attitude was measured at each site to provide a tilt correction. Stability of

the natural remanent magnetization (NRMY of cach specimen was
assessed after stepwise alternating field (AF) demagnetization was used
o asolate the various magnetic components. The  specimens were
processed using a JRSA spinner magnetometer and demagnetized using a
Molspin tumbler demagnetizer. Vector-end-point diagrams (Zijderveld
1967) were used o analyse the data from cach sample (representative
plots are shown i Figo Sy I most cases. principal component analvsis
(Kirschvink TUR0) was used 1o determine characteristic renuanent magne-
tization (ChRAT) directions tor cach specimen. although i a number off
mstances the statistios of Fisher (1933) were applied to several ditferent
demagnetization-step - directions. Fisher
caleulate site mean divections (Fig. 9 and Tabie 4).

statistics were also used to

Muasters” Quariy, Ahipara (Ahipara Massif)

Seven sites were sampled inoa 300 60 m thick suceession of
subhorizontally dipping pillow Tavas exposed in Masters™ Quarry.
S km from Ahipara (Fig. 1), An eighth site was also sampled in a
4.3 m wide diabase dyke at the western end of the quarry. Three
pillow lava sites yvielded data with westerly declinations (¢, 264 )
and moderately inclined positive inclinations (. 407) (see Table
4. These directions are interpreted o record a reverse polarity
remanence. which has experienced considerable clockwise rota-
ton. In contrast. the dyke (NOS)Y has o northerly (4.97) steep
upward-directed remanence (- 734 ). indicating a negligibly
rotated normal-polarity. magnetization. The pillow  dvke direc-
tonal difference strongly suggests that remancnce is primary, but
the apparent lack of antipodality suggests that the two units are
of different ages. Geochemically, however. they are identical,
suggesting that they are magnetically cocval. the dyvke being a
Hleeder’ tor the pillows. It is theretore likely that Site NOS
records a substantial oftset in the time-mveraged direction of the
geomagnetic ficld when the dyke was emplaced.

Tauroa Point. west of Ahipara (hipara Massif)

Four  sites sampled from a series of ¢, metre-wide
subvertical NW-trending basaltic dykes exposed along a half-
kilometre streteh of the shore close to
Ahipara (Fig.

samples from the immediately adjacent country rock  pillow

wWere

lauroa Point, west of
1), None of the sites. some of which included

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




ARE SoADWHANTTANL 2T 0/
Cape North Cape
Reinga , |
1™ [28.1+ 1.6 Ma South
25.0 + 0.8 Ma <O il S biva el
48y 29.3+0.7 Ma =
< 109.0 + 0.7 Ma Pacific
[ :” N o
I\ {107.4+0.2Ma Ocean
29.6+ 1.0 Ma X
- 92.2+0.6 Ma
28.3+3.4Ma T
251+ 12 Ma 26.1+ 1.0 Ma
18.7+ 0.3 Ma Maastrichtian-Upper Paleocene
v 13 ,
Tasman 26.2 + 0.6 Ma »\\ hangarei
28.8 + 0.5 Ma
. 28.3+ 0.2 Ma >
Sea Fs
Auckland 7
[] Northland ophiolite
I Cretaceous arc volcanic rocks
MASSIFS -
¢
1 NC 11 KAIR &
2 TB-HP 12 MR
8 IGR 13 TR
4 TANG 14 HOUT - . 3
5 BLUF 15 APE Fig. 7. Sketch of Northland showing the
6 AH 16 PURU localities and ages obtained from the various
7 WHGP 17 WHANG dating campaigns. (See Tables 2 and 3 for
8 MITI 18 TOTA - details ) The date in italics represents
9 OPO 19 MAU mmk. details.) .Ihx date in ]Ll»l]L,\ uplg‘m.nt.\
£ 10NUKU 20 CB @ the SHRIMP U—Pb age obtained on zircons
from plagiogranite sample NUKU 19.1.
Abbreviations are as in Figure 1.
8 wew b. €.
l‘ Up(W) Up(N)
W I JNRM = NO14.6
] - 3580)
NO4.7 7 148 e [
(640) . b = I
7 720 10 Wr—— s -ll‘i' I
] Nos8s8 1
gy | fig (2346) NRM 35
= =
#NRM Do t 15
own Down Down
Up(W)
Up(W I (W o ' - . S
P,{ & i d. | NRM3 Hp0H) NRM I Fig. 8. Vector-end-point plots (Zijderveld 1967) showing examples of AF
1 NRM Vi demagnetization data, in tilt-corrected coordinates, for Northland ophiolite
| 8, 107 N028.7 specimens. (a) NO4.7 (pillow basalts) and (b) NO8.8 (diabase dyke) from
I 18/ NO21.7 P 11 (546) Masters’ Quarry; (¢) NO14.6 basaltic sill, eastern Cooper’s Beach; (d)
L (543) 140/ NO26.2 le’z\: NO21.7 pillow basalt site at northern end of 90-Mile Beach; (e) NO26.2
tid { 856 9 S " . . % > > .
slf4. . N e .(.\(. '_\ -~ '!44: o pillow basalt site at Cable Bay; (f) NO28.7 site in a diabase dyke at the
[ & i T £ western end of Cooper’s Beach. The numbers indicate the AF
Dow Down demagnetization step in mT. Initial NRM intensities (J,) are shown below the
n Down =

specimen name (units of mA m™").

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



GENERATION AND EMPEACEMENT OF THE NORTHLAND OPHIOLITH

A | b.

N N
} }
NO
NO24
‘i\” 1 NOG N0260 oo
NO! y ]
'™ NOS NG
A S \ -
W $T@NO + I
NO. (oN® ) .
NO28 \\‘” NO14 NO28
| t
S S
N N
6 OEENO21 NO& 7
\m:";‘\“”\“' 2 L o5 15 o2 "“\u
r . NOS ’ y ~ 5
W+ __/NO6 4 : W+ lg
L L) y S
NO4 NO28 NO4 RS NO28
| t
S S

. j d.

Fig. 9. Summary of palacomagnetic directional data. Upper plots are for
all Class 1 and 2 sites: (a) in situ; (b) tilt corrected. Lower plots are for
all Class 1 data: (¢) in situ; (d) tilt corrected; sites NO3 and NO24 have
been removed. Filled and open symbols are downward and upward
directed, respectively. The site mean directions are shown with their 95%

confidence circles (equal angle stereographic projection).

lavas, vielded useful data (Table 4). The magnetization in these
rocks s dominated by a randomly oriented  low-coercivity
remanence. which probably records a laboratory storage field.

Coopers Beach (Mawngaranivha Muassif)

The Northland ophiolite crops out at headlands to the cast and
west of Cooper’s Beach on the eastern Northland Peninsula (Fig.
1. Two sites were sampled from the castern headland. where a
pillow lava sequence intruded by a sill of 2.3 m thickness s
exposed (dip is 48 towards the SE). The two sites (NO13-4)
viclded similar directions (Table 4). which in tilt-corrected

coordinates have a mean of direction of declination (D) of

247.0% and inclination (/) of 54.27 where the angular separation
is 7.17 (the two sites are sufticiently tar apart (4 m). for complete
thermal resetting of the pillows not to have taken place. which
might have led to the two sites carrving identical directions). At
the western end of Cooper’s Beach (¢, 2 km away from Sites

NOT3-4). a single site (NO28) was sampled in a diabase dyke of

3m width, which viclded a mcan direction of 1) = 123.8°,
[ =336 (Table 4. Interestingly. the inclinations of the two

Coopers Beach outerops are. in absolute terms. identical (and of

opposite polarity). The declinations suggest large-scale clockwise
rotation of the two outerops. although the clearly more rotated

120
[~
7

castern section (- 1207) indicates that the two are separated by a
tectonic boundary.

Cable Bay (Maungatanivha Mussif)

Two sites were sampled from Northland ophiolite pillow lavas at
the castern end of Cable Bay (which fies just to the cast of
Coopers Beach) (Fig. 1), One site (NO235) vielded useful data.
although 1ts mean direction (D - 146 ./ S8.0) 1s based on
Just three of the five samples processed from this site (Table 4).
Site. NO26 vielded a broadly  similar direction (/) 197",
I = =37.0'). but the associated ¢os and & values (300, 10.4)
suggest that the data should not be used for tectonic modelling,

Bellingham's Quarry, south of Kaitaia (Ahipara Massif)

Two sites were sampled in pillow lvas and sheet flows in
Bellingham's Quarry, just to the south of Kaitaia (Fig. 1), Site
NOTS vielded data (tilt-corrected 72 and / of 3404 and 50.3 ).
but the wos (22,17 and & (18.2) values (Table 4y indicate
relatively poor clustering of the directions and, based on Van der
Voo (1990), the direction should be excluded from any tectonic
interpretation,

Northern end of 90-Mile Beach (Cape Reinga Massif)

The northern end of 90-Mile Beach (Fig. 1) is marked by steep
clifts and rugged terrain developed in Northland ophiolite rocks.
Two sites cach were sampled 1 the pillow favas (NO21-2) and
presumed  feeder dyvkes (NO23-4). The two pillow lava sites
vielded northeasterly declinations with inclinations in ¢xcess of
-00° (Table -H. dicating a normal-polarity  magnetization
rotated through about 307 Again this contrasts with the (feeder)
dyke Site NO24. which vielded a negligibly rotated declination
and a somewhat shallow inclination (365 ). although as at
Bellinghams Quarry, the «os and 4 values (17.2°. 20.8) are
“marginal’.

Te Paki Station, near Cape Reinga (Cape Reinga Maxssif)

One site sampled in the sheet flows exposed ina small quarry at
Te Paki Station (Fig. 1y failed to vield any usctul palacomagnetic
data (Table 4).

Palacomagnetic summary and interpretation

As can be seen from the preceding section (as well as the (s
and & values listed in Table 4). the obtained directions are of
variable quality. thus to caleulate the Tatitude at which the
Northtand ophiolite rocks formed at it has been necessary to
screen the data. The site-mean directions were allocated to one
of three classes (Class 1 being good. Class 3 being dubious)
based on the clustering statistics and the suggestions of Van der

Voo (1990). Nine sites belong to Class (s - 153 ) and two

sites (with «os =20 ) are assigned 1o Class 3. Two sites that sit
close to the cut-off limit of Van der Voo (1990). NO3 and NO24,
are assigned to Class 2 (Fig. 9a and b). In all cases. the tilt-
corrected mean inclinations, using the statistics of McFadden &
Reid (1982)0 vield slightly better s and 4 values than the
dircctions in geographical coordinates (Table 4). although it must
be recognized that in only two exposures are the dips greater
than 257 and in many outcrops the rocks are flat-lving, thus this
attitude test is limied.

The mean inclination of the Class 1 sites gives a formation
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GENERATION AND EMPLACEMENT OF THE NORTHEAND OPHIOLU T

palacolatitude of 388 10.6 S, whercas the mean ot the Class |
and 2 sites gives a shghtly Tower value of 344 - 9.0'S.
Critically. however, both values place the formation site of the
Northland ophiolite close to its ¢, 38 'S obduction site (see Fig.
L) acknowledging the non-negligible associated error (. 107).
Iwo other points to emerge from the plots in Fizure 9 are: (1)
the Class I and or Class 2 data display a visibly better clustering
in tilt-corrected rather than /n siu coordinates (see Table 4): (2)
the majority ot sites appear o record a large clockwise rotation
(00 ) With regard to point (1), however, the respective “cluster”

stattstics of” the nine Class 1 osites (0 7800 [ = =364 .
a9y 19N and & 7N tor the i owine direction versus
o664/ 602 0 a9l 14.0 and 4 14.4 tor the ult-

corrected direction) indicate that this apparent grouping should
be treated with some caution. With regard to (2), first it s
necessary o osubtract 78 from the clockwise declination otfset
to account for the Neogene motion of the Australian Plate
relative 1o the geographical spin axis (based on the palacomag-
netic pole compilaton ot Acton & Kettles (1996)). Second. the
apparent consisteney in declination offsets s somewhat unex-
pected as the massids are klippen and in such a situation local
vertical-axis rotations would probably have taken place between
bodies during emplacement. thereby scattering the declinations
(it should be noted that local rotations are recorded by the
Coopers Beach sites)y. Acknowledging the limitations in the
dataset. it s postulated that the Northland  ophiolite was
emplaced as a single body. and that the phvsical “gaps™ between
massifs are due to post-emplacement crosion.

/f Northland
/ -
%/ ‘\ New Zealand

t—_ 25 Ma relative motion /
~" directions (King 2000) /
VW — /
|
= 3
/

Chatham
Rise

Antarctica

Fig. 10. Plate reconstruction for the SW Pacific at 28 Ma, based on
Schettino & Scotese (2001), with minor modifications following Little &
Roberts (1997) (for the eastern North Island immediately to the north of
Chatham Rise). The generation latitude of the Northland ophiolite is
shown with the small open square (mean inclination of the Class 1 sites)
and inverted filled triangle (mean inclination of the Class 1 and 2 sites);
the associated errors of both values are c. 9°. Also shown are the Pacific
Australia instantaneous rotation poles for 27, 25 and 23 Ma (from King
2000, following Sutherland 1995), and the approximate motion directions
(for 25 Ma) of the Pacific Plate relative to the Australian Plate in the area
to the east and NE of Northland, as well that about the rotation pole.

[

Plate tectonic interpretation

The possibility that the Northland ophiolite formed close 1o its
obduction site at ¢ 388 (Fig. 10) makes generating g tectonic
model somewhat more straightforward  than with the carlier
published data of Cassidy (1993). which tmplied  that  the
ophiolite formed at 153 20 S, a considerable distance north of its
obduction site. Along with the new geochemical and radiometric
age-dating datac 1t is suggested that the ophiolite was gencrated
in the South Fijp Basin, It this idea is correct then it s first
necessary to develop a tectonie model that can account for the
unit’s emplacement and also accommodate other geological
knowledge tor the region during the Oligocene and Miocene.
Factors to consider include: (1) the period over which the South
Fipi Basin formed and its tectonic relationship with northern New
Zealand: (2) conspreuous changes in plate motion. particularly
tor the major plates. Australia and the Pacific: (3) the time of
cmplacement of” the ophiolite: (4) any relevant structural data:
(3) the mitiation and development of the Northland are.

Magnetic surveys of Watts ¢7 /. (1977) and Davey (1982) in
the South Fiji Basin adentified  anomaly lincations 12 7A:
Malahoft er w/o (1982) suggested that anomaly 13 is locally
present. This suggests. using the Cande & Kent (1995) magnetic
polarity time scale. that spreading started at around 33 Ma. and
possibly: 36 Ma. and that it continued 10 ¢, 253 Ma. During
formation. the South Fiji Basin adjacent 10 northern New
Zealand had a NI SWeoriented spreading centre, At present. an
extinet transform. the Vening Meiness Fracture Zone (Van der
Lingen 1967) separates the South Fiji Basin from northern New
Zealand but. as will be explained below. we suggest that another
transtorm. located 10 the SWoof the Vening Meinesz Fracture
Zone. may have been the ornginal plate boundary,

Temporally. the Northland  ophiolite’s  emplacement  corre-
sponds closely o a change in relative motion of the Indo-
Australian and Pacific Plates (Yan & Kroenke 1993), Work i
castern Indonesia and Papua New Guinea indicates that in the
carly: Miocene the Australian continental plate in New Guinea
collided with an extensive intra-occanic wre that had formed
during the Tate Focene Oligocene on the southern edge of the
Philippine Sea Plate (AL & Hall 1993 see also Hall 2002), At
about the same time the  Hikurangi Platcau. a submereced
3.3 107 km Cretaceous large igneous provinee immediately to
the NE of Chatham Rise. appears o have collided with western
New Zealand. Mortimer & Parkinson (1996) argued that the
coeval emplacement of the Northland and East Cape allochthons
in the Late Oligocene Barly Miocene may have heen triggered
by this event,

The plate motion modelling studies o Sutherland (1993) and
the subregional reconstructions by King (2000) indicate that the
rotation pole between the Australian and Pacitic Plates migrated
steadity towards ¢ 130 E during the late Locene o Miocene.
passing over the central part of the Chatham Rise in the late
Oligocene carliest Miocene (Fig. 101, With regard to northern
New Zealand, the basie effect was to gradually increase the
convergence rate between the two main plates. Throughout this
time, the comvergence direction remained roughly west- to SW-
directed but marginal basin growth in the Australian Plate to the
cast of the North Istand (i.e. South Fiji Basin in the Oligocene.
Havre Trough during the Plio-Pleistocene) renders this locally
more complex over specific time intervals.,

A fourth consideration is the direction in which the Northland
allochthon was thrust over the basement of northern New
Zealand: Rait er of. (1991 and Rait (2000) have clearly shown
from detailed structural work that the unit was emplaced from
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the NI (40
compatible with the modelling of Sutherland (1995) and King
(2000, A tinal important picce of information concerns the
Northland arc. which developed along the length of the northern
North Island in the carly and mid-Miocene (Ruddock & Sporhi
1989 Smith ¢r of. 19890 Hayvward er ol 2001). The basic
gcometry of the preserved are suggests that the occanic litho-
sphere consumed  beneath Northland was at a trench that was
aligned approximately, NNW o SSE

[he tectonic seenario that is presented below and in Frgure 11

1O As such. the compiled data are entirely

accommodates all of the above events. phases and features that
are kevs 1o the region’s Oligo-Miocene  development. In the
period 33 20 Ma (Figo Tan we envisage spreading at the
southwestern end of the South Fiji Basin 1o have been on cither
side of @ N SW-oriented ridge. The busin would have formed
in a back-are setting above the subducting Pacitic Plate (a usctul
modern-day analogue being the nearby Havre Trough  Pacific
Plate subduction svstemy. To decouple the spreading basin from
northern New  Zealand, they must have been separated by a
transform tault. As previoush mentioned. the current “boundary”
between northern New Zealand and the South Fiji Basin 1s the
Vening Meiness Fracture Zone. However. for reasons that witl be
explained in the obduction phase deseription. we deduce that the
original boundary was another transtorm that paralleled and lay
o the SW ol the Vening Meimes, Fracture Zone. the evidence for
which may be preserved at Camp Bay (Hanson 1991, and
possiblv at the castern headland o Cable Bay  (Whattam.
personal observations). Herealler. we refer to this transform as
the Camp Bay Transtorm.

At around 23 Ma the Hikurangi Plateaun on the Pacific Plate
was brought up against northern New Zealand. Although this
collision would have been “soft”™ (the platcau at this time would
have been very close to the Australia Pacific Plate imstantancous
rotation pole). it may have caused regional disruption, particu-
Jarly spreading in the South Fiji Basin and at other important
tectonic boundaries in the region. for example. the Camp Bay
Transtorm (Fig. by Indeed. with a general WSW SW-direeted
plate convergence direction in the area to the NI of Northland
fe.e. King 2000). it may then have been possible to ramp-up the
upper-crustal portion of the southern South Fiji Basin onto the
continental margin of New Zealand at the Camp Bay Transform

(the envisaged “flaking” mechanism being not oo dissimilar to
bl

that ol Oxburgh (1972) and more specifically to Model 2 of

Malpas e wf (19923). Shortly after this plate reorganization.
subduction of the lower-crustal portion and mantle initially, and a
full lithospheric section soon alter. may have led 1o the genera-
tion of the Northland are. The tectonic model would also account
for the generation of the Three Kings Ridge (as an ared to the
north of Northland.

Other considerations

I'he available biostratigraphic data from iter-pillow sediment in
the ophiolite span the Late Cretaceous o Palacocene (Farnell
1973 Brothers & Delahove 19820 Brook e af. T9RS: Larsen &
Sparti 1989y, which contrasts with the obtained late Oligocene
radiometric ages. This disparity between the two data sources
can be explained i one of three ways: (1) the radiolaria belong
o Cretaccous arc-related rocks that were mistakenly identitied as
ophiolite: (2) the radiolarians belong w0 unrecognized other”
basement terrane (i.e. basement excluding the Permian Jurassic
Torlesse Supergroup metagreywacke): (3) there are at Teast two
ophiolites.

In the first seenario. the Late Cretaccous Palacocene fossils

come from the Cretaccous are (PAr AT ages of 92.2 ¢ 0.0,
1074 - 1.2 and 109 - 0.7 Ma). which has been nustakenly
identificd as part of the Northland ophiolite. As the lithologies are
not significantly different from the Oligocene Northland ophiolite
rocks and exposure is not always perfect, some massifs could
include rocks ot both ages. For example. at the Houto massif
(massit 14, Figs 1 and 7) Maastrichian Palacocene radiolaria
were recovered from sediments intercalated with pillow basakt
(Whattam 2003y and a ™ Ar 7 Ar age for a tholeiitic basalt from
the same massil records an Oligocene age (Tables 2 and 3). The
Houto massit is known to contain alkalic rocks (Hughes 1966): as
the ophiolite complex and the Cretaceous are complex both have
alkalic suites. the radiometric age probably records the age of the
Northland ophiolite. whereas the fossils possibly record the age of
the older alkalic suite within which they are mtercalated. Related
o this. the alkalic basalt of the basal segment of the ncarby
Apenga massit (massif' 15, Figs Tand 8) vields a M Ar HAr date of
92 Ma. This sample may be from a fragment of the Lower
Cretaceous  Houhora complex (Bsaac o al. 1988). which s
interpreted o be o parautochthonous or allochthonous sequence
structuratly underlyving the Northland Allochthon. However. as
sample HOUTT 2.3 (cherty is i close proximity to radiometrically
undated tholeiitic basalts (HOUT 2.1, 2.2 and 2.4). the tossils are
more fikely 1o be imtercalated within rare tholeiitic basalts of the
Mount Camel Terrane. As such. these tholeiitic basalts cannot be
distinguished from the ophiofite basalts without radiometric dates.

A second plausible explanation is that the various fossil-
bearing basalts belong o the atorementioned basement terrane
and or to other distinet basement terranes. [t is posible that the
“basement” of Northland (i.c. “other basement’. excluding the
Permian Jurassic Torlesse metagreywacke) consists of o collage
of occanic terranes that record deposition of tossils in submarine
oceanic basins near offshore New Zealand. It is possible that
these terranes were emplaced onto the Northland Peninsula at
varying times between the Cretaceous and Oligocene before the
ophioite was emplaced. or immediately preceding (effectively
synchronous with) its emplacement,

A third plausible explanation is that there oxist (at least) two
imbricated ophiolites: a volumetrically dominant one of” Oligo-
cene and a subordinate one of Cretaceous age.

Finally. we comment on why the new palacomagnetic dataset
differs tfrom that reported by Cassidy (1993). Lssentially. the
inclinations recorded i the carlier work appear to be anom-
alously Tow when compared with those obtained in the present
study. The first possibility is that the tilt corrections applied to
the “old” dataset sites are incorrect (we note that only four of
the 12 sites Cassidy sampled needed tilt correct o be applicd).
Second. the data analysis was inadequate: for example, the
picking of the characteristic directions for individual - speci-
mens. A third possibility. which seems unlikely based on the
new age-dating information preseated herein. and the inherent
problem of moving the allochthonous material south. is that
Cassidy actually sampled the “old™ (Upper Cretaccous fower
Palacogene) portions ol the Northland ophiolite. Whatever the
reason. the new data are more amenable 1o the development
during the Palacogene of o tectonic model that can also
accommodate a variety of featares we already know about
northern New Zealand and the SW Pacific in the mid- and late

Cenovoic.

Conclusions

Data trom the Northland ophiolite suggest that it formed between
29 and 26 Ma in a suprasubduction-zone environment at ¢. 35S
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NE-SW cross-sections
a. ~28 Ma across Northland-SFB

SFB ridge
Northland /
ophiolite
‘";?:rl”l;d Northland
PACIFIC ophiolite
A PLATE generated
Transform in SFB
separating HIKURANGI
SFB and N.Z. PLATEAU ® 0
(short distance
from trench) A
Transform
5 separating
CHATHAM RISE SFB and N Z.
b. ~25 Ma
Major adjustment
on the transform /
Northland ophiolite
\‘I)I'I‘\‘ld;;“ emplaced (from ~040°)
ceases PACIFIC
B PLATE
Coeval emp. Fig. 11. Schematic illustration of the New
E. Cape Oph. HIKURANGI B Zealand region in the late Oligocene (a),
PLATEAU terminal Oligocene (b) and early Miocene
collides with N'ew (¢), showing the generation and proposed
Zealand margin obduction model for the Northland
ophiolite. In part, the model draws upon
CHATHAM RISE Rait et al. (1991), Yan & Kroenke (1993),
Sutherland (1995), Mortimer & Parkinson
(1996), King (2000) and Rait (2000). The
large arrow in the NE corner of each map
Cs ’\"2 1 Ma shows the approximate convergence
7e direction of the Pacific Plate relative to
AA Bk e ;\.uslruliu. The ml‘cl.’rcd scnsc. of motion at
o el / ) different parts within the region is shown
a : Early-mlddlcl by the teeth on the subduction zones, and
- SFB subducted Miocene Squucm)‘” arrows and electrical current symbols next
beneath and generation of to the faults. In all diagrams, the eastern
Hon il 4 3 the Northland arc part of the North Island of New Zealand
C P{)\L(A]\;:,i:( has been rotated counterclockwise to
remove the affects of Pliocene—Recent
\‘;r“vh- -’}“‘ extension in the Taupo Volcanic field
O HIKURANGI C Havre Trough. Additionally, northern New
l?LATEAl.J 3 Zealand north of the plate boundary
: co.ntmues collision separating it from the Chatham Rise
SO P Eostand Hikurangi Plate has been modelled using
Little & Roberts (1997). SFB, South Fiji
CHATHAM RISE Basin.

and as such was probably gencrated in the southern South Fiji
Basin, where a series of Oligocene magnetic anomalies (12 7A
according to Watts er af. 1977: Davey 1982: 13 7A according to
Malahoff ¢z af. 1982) have been identified. Based on the time
scale of Cunde & Kent (1993). these anomaly data suggest that
the South Fiji Basin formed between 33.5 and 25.5 Ma.

We postulate that the ophiolite was emplaced following a
major adjustment along a transform that scparated the South Fiji

Basin and the northern New Zealand basement as a result of
collision of the Hikurangi Platcau with the New Zealand margin
at ¢. 25 Ma. The WSW SW convergence direction the Pacific
Plate was undergoing relative to Australia resulted in the upper
crust of the South Fiji Bastn being “flaked” onto the basement of
northern New  Zealand. thereby resulting in the Northland
ophiolite (it should be noted that only at North Cape (Fig. 1) is
the lower portion of a classic ophiolite suite preserved. the
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sheeted dvke  gabbro uliramatic sequence). However, most of
the South Fiji Basin lithosphere driven against the Australian
Plate was subducted. which then led 1o the development of the
carly to mid-Niocene Northland are.

A model ivolving meeption ol the Kermadee Colville are
ridge. and by implication the establishment of” strongly conver-
cent subduction ar the Pacitic Australia Plate boundary at 23 My
fand henee initiation o Miocene are voleanism) s substantiated
omicrotossil and KA data tor rocks frome the Kermadee
wrench (Ballanee o af. 1999y The widespread oceurrence of
Farly Miocene are voleanic rocks on Northland. and just to the
west ol the peninsula. is probably due to the highly obligue
WSWodirected subduction of the South Fiji Basin, With this new
model the Three Kings Ridee are would have formed above the
northern extension of this subduction-zone system (g o).

Our model mcorporates the conclusions of Rait er af. (1991
and Rait 20001, which dealt with the emplacement of the
Northland allochthon, are generation model and - the carly
AMiocene development of the Northland peninsula. The proposed
seenario s also consistent with the regional tectonic works ol
Sutherland (1993 and King (20009,

1
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