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Manganese deposits and the associated rocks of Northland and Auckland,
New Zealand

K. J. STANAWAY*, H. W. KOBE, AND J. SEKULAt

Department of Geology, University of Auckland, New Zealand.

ABSTRACT

Small manganese deposits described here are associated with mafic lava, chert, and volcanic
argillite and are contained in a thick sequence of indurated Permian to Jurassic eugeosynclinal
sediments. Chert, volcanic argillites, and primary manganese mineralisation all result from the
diagenesis and lithification of manganese and iron-enriched clay and silica sediments. These
sediments precipitated out of sea water enriched with Si, AI, K, Mn, and Fe from submarine
volcanic exhalations.

Primary and redeposited mineralisation bodies have been distinguished on the basis of their
gross structure, microfabric relations, and relation to the present erosion surface. Microscopy of
polished sections indicates that primary mineralisation contains minerals formed during sedimen
tation, diagenesis, deep burial, and supergene in situ oxidation. Redeposited mineralisation contains
only supergene minerals precipitated from ground- and surface water.

The manganiferous chert, volcanic argillite, lava assemblage could, because of ubiquitous intense
deformation, be derived from outside the geosyncline but could equally have appeared at the
end of a eugeosynclinal sediment cycle and been subsequently deformed.

INTRODUCTION

The manganese deposits of Northland and Auckland
districts are small; eleven deposits have yielded 26 000
tons with two periods of mining activity, one from 1878
to 1911 and the other from 1937 to 1960 (Reed 1960).

Extensive host rock shear and dislocation led Ferrar
(1925) and Fyfe (1933) to conclude that cherts and
associated manganese must have formed by replacement
of sandstones and argillites in fault zones. Macpherson
(1941), however, finding no evidence of replacement of
sandstone by manganese mineralisation, suggested that
these deposits must have formed in swamps and lakes on
an ancient land surface. Intimate association of cherts
and manganese led Reed (1960) to regard the deposits
as resulting from submarine volcanism.

MElHODS OF STUDY

Field studies involved mapping and sampling the
manganese deposits and their host rocks. The regional
stratigraphy for these rocks is given in Schofield 1974.

Laboratory studies included petrographic and chemical
analysis of country rock types, identification of the Mn
minerals and determination of their texture by X-ray
diffraction and by ore-microscopy under oil immersion.
For X-ray diffraction analysis a 0·4-0' 5 mg sample
containing tentatively identified minerals was extracted
from a polished section with a fine diamond drill and

enclosed in a O: 3 mm diameter glass tube. The powder
underwent FeK-radiation in a 114·6 mm diameter
Debye-Scherrer camera for 70 hours.

Mn, Fe, and Si were determined by wet chemical
methods and all other elements by atomic absorption
and/or X-ray fluorescence.
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FIG. 1-Map showing outcropping Torlesse Supergroup
(shaded) and some manganese deposits.
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FIG. 2-Intertidal platform Adrnirustration Bay Motutapu Island showing host rock deformation and manganese
mineralisation.
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FIG. 2-Continued
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THE DEPOSITS

Field study of Northland and Auckland manganese
deposits indicates two genetic categories with further
subdivision as follows:

that much larger lava and chert bodies mapped as lenses
(Schofield 1967) are also remnants of formerly more
continuous horizons (see also Schofield 1974).

r large stratabound lensesJ lenticules, laminae and lumps

l
" rhythmic" interlayers with chert
disseminations
nodules

and fracturer surface coatings
~ infillings

L
pisolites
e1uvials

Redeposited
mineralisation

Primary
mineralisation

GEOLOGICAL SETTING

HOST ROCKS

The manganese deposits of Northland and Auckland
are subordinate members of the volcanogenic associa
tion (see Bradshaw 1972), a rock suite which includes
submarine lavas, cherts, volcanic argillites, marbles,
tuffs, and rare massive sulfide lenses. The association
exists as distinct lenticular units within the Torlesse
Supergroup, a thick sequence of Permian to Jurassic
indurated eugeosynclinal sediments which has undergone
low-grade metamorphism to prehnite-pumpellyite or
pumpellyite-actinolite grade (Brothers 1974; Schofield
1974; see also Fig. 1).

Most units of the volcanogenic association are only a
few tens of metres thick and less than 1 km long; how
ever, in some places they reach 1700 m in thickness and
persist for up to 10 km along the regional strike.

The most abundant sedimentary rocks of the vol
canogenic association are gradational between cherts
(consisting of over 90% micro/cryptocrystalline silica)
and volcanic argillites (consisting of indurated clay).
Lenticular 2-15 em thick, highly siliceous beds are
commonly in rhythmic alternation with much thinner
less siliceous argillites. Variable amounts of dissemi
nated manganese oxides or silicates, hematite, goethite,
chlorite, calcite, sulfides, and carbon impart green, red,
maroon, yellow-brown, black and grey colours. These
minerals tend to concentrate more in the argillites.
Accidental inclusions of radiolarian tests, silt-sized
detrital grains of quartz, epidote, feldspar, and mica are
scattered throughout the rocks, but frequently concen
trate along some laminae.

In the field, volcanic argillites are distinguished from
ordinary eugeosynclinal argillites by their colours, asso
ciation with cherts or lavas, and fissile appearance. Under
the microscope they show a more uniform and finer
grain size (Reed 1957), indicating their origin from
clay. Incipient fissility is present.

Extensive movement and dislocation have taken place
within units of the volcanogenic association. Initial
movement gave rise to the typical chevron and dis
harmonic folding seen in rhythmic chert-argillite alter
nations, together with the tight folding seen in some
volcanic argillites (Fig. 2). Penecontemporaneous defor
mation and submarine slumping have left blocks of
la.va, chert, and sandstone embedded in foliated vol
canic argillite matrix with injection of volcanic argil
lites into enclosing eugeosynclinal sandstones. Thick
beds of greenish volcanic argillites have sometimes been
mistaken for mylonite, but the presence of unbroken
radiolarian tests and of lamination in less disturbed
volcanic argillites indicate a sedimentary rock. Some
movement, however, must have continued after sand
stone and chert lithification because in a few outcrops
some of the blocks are angular. Generally, blocks of
lava, chert, and sandstone in volcanic argillite have some
rounding and range from a few centimetres to several
metres in diameter. The largest observed chert block
measured 250 X 100 X 100 m, and it appears probable

Primary mineralisation bodies are stratabound,
(Fig. 2) hard, dense, lack colloform growth layer
ing visible to the naked eye and may reach 5 m in
thickness. Minerals found include braunite, bernentite,
hausrnannite, manganite-(a), jakobsite, ?bustamite, psilo
melane, and cryptomelane; together with hematite,
magnetite, chlorite, clays (illite), and quartz. Incomplete
alkali metasomatism has altered some mineral assem
blages to cryptomelane, and psilomelane. Supergene
oxidation of primary deposits ill situ has resulted in the
replacement of some manganese minerals by nsutite,
manganite-(b), and pyrolusite. Primary mineralisation,
thus, has representatives from all the mineral-forming
stages shown in Fig. 3.

Redeposited manganese and iron mineralisation oc
curs close to the present erosion surface, frequently
cutting across the stratification. It can be developed
spectacularly at the seashore in a strip from 1-2 m wide
above the high tide mark. Other concentrations are in
seasona I stream beds and soils. Redeposited occurrences
all contain minerals identified as supergene (Roy 1968;
Ramdohr 1969), and many display colloform growth
visible to the naked eye. Psilomelane, cryptomelane, and
goethite are the most common minerals, while pyro
lusite, lithiophorite, nsutite, todorokite, birnessite, and
manganite-(b) are also found.

Primary Mineralisation

STRATABOUND LENSES

Stratabound lenses (Fig. 4A) possess a shape similar
to lenticules or micro-lenticules (Fig. 4B) and are dis
tinguished from them solely by size. Best examples
occur at Tikitikiora or in short adits on the south slopes
of Maunganui, Waiheke Island. One incompletely ex
posed stratabound lens measured from o·3 to 0·6 m
thick by 2· 3 m along the strike and extended for 3·2 m
down dip. The structures closely resemble those de
scribed by Trask et al. (1950) from the Franciscan
cherts of California, except that the Torlesse lenses are
much smaller, lack adjacent massive chert, lack car
bonates, and are hosted in red, rather than green rocks.
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Time •
Mineral Stages of formation of minerals

Syngenelic Diagenetic to

sedimentary deep burial Supergene

Ouartz
Chalcedony

Hematite - - - - -- - - - - - - - - -
not present In shrinkage cracks In chert or in
radiolar.an tests. but present In nodules at
Otau and Paklhl Island

Goethite

Magnetite - - - - - - - - - - - - - --
l.epidocnte - - - - - - - - - - - - - --
Braunite recrystallsmq

Bementlte

Hausmanmto

Jakobsue

Bustamite

Cryptomelane K - metasomatism

Psilomelane

Manqanite Type (a)
,....--

(b)

Pyrolusite -
Nsutite replacement

Lthiophonte cavities

Birnessite

Todorokne

FIG. 3-Mineral para
genesis. Lines span time
from beginning to ending
of mineral formation.
Broken lines span possible
formation times for
minerals whose exact para
genesis is uncertain.

LENTICULES, LAMINAE, AND LUMPS

Lenticules are discontinuous structures 1-2 ern long
lining the stratification in volcanic argillites. Laminae
are more continuous, some up to 20 cm long and almost
1 cm thick. Lumps can measure 10 cm or more across
and form when lenticules or laminae from adjacent
stratification above and below coalesce (Fig. 4B).

DISSEMINATIONS

Disseminated mineralisation is obvious from the
very dark shades exhibited by some red or white cherts
and argillites, notable on Pakihi Island and south of
Maunganui on Waiheke Island. Within these sequences
the argillite is the more enriched member with fine
manganese and iron oxide mineral grains throughout.
Supergene remobilisation in all such outcrops obscures
the nature of primary deposition.

RHYTHMIC INTERLAYERS

Found only on the south-west slopes of Maunganui,
manganiferous beds up to l : 2 cm thick alternate with
beds of chert up to 6 cm thick in a manner similar to
the common rhythmically alternating chert-argillite
sequences. Usually the interlayered manganiferous beds
are massive, but sometimes they are composed of 1 mm
thick alternating argillite-manganiferous laminae (Fig.
4C). Gradation along these beds to lenticules, laminae,
and lumps may also occur. Microfaulting and micro
brecciation of the chert beds at mineralisation -chert
contacts suggest differential compaction or bedding plane
slip during folding (Fig. 4C).

NODULES

Four types of nodules are tentatively recognised as
primary. The first are hard, egg-shaped nodules 3-5 mm
in diameter, partly intergrown with each other. These
were found at Administration Bay, Motutapu and Kai
wauwaru Bay, Northland, in red volcanic argillites as
bands 3 em wide and several metres long, parallel to the
stratification (Fig. 2). A second type, found at Mou
moukai as individuals or aggregates in volcanic argillites
comprise soft, rounded, clay-rich nodules 1-1- 5 cm in
diameter. The third type found on Pakihi Island has
grown from chert beds into argillite and consists of
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FIG. 4-Primary mineralisation types (shaded) A
Stratabound lens; B-Lenticules, laminae, and lumps;
C-Interlayered with chert.

FIG. 6-Microlenticules in volcanic argillite parallelling
fissility and composed of cryptomelane that has altered
from braunite with redeposited (supergenc) minerali
sation in veinlets. Bar is 0·02 rom.

O'01-0'3mm (Fig. 7), but examples 3mm in diameter
are known from one sample. Some oolites have a silica
nucleus and crude growth rings characteristic of oolites
(Sorem & Gunn (1%7) described as "oolite-like"
otherwise similar structures lacking growth rings present
in manganese deposits from Olympic Peninsula).

No oolite structures were seen within the main body
of lenses, lenticules or rhythmic layers. The most fre
que.rtly encountered fabric consists of an irregular
assemblage of braunite and cryptomelane with smaller

FIG. 5-Ragged surface of primary mineralisation ex
posed on washing away volcanic argillite matrix.
White chert top right. Bar is 1'0 em.

250o

FISSILE
VOLCANIC
ARGILLITE

LENTICULES

WHITE CHERTc

REDEPOSITED
MINERALISATION
(VEINS)

MINERALOGY AND MICROFABRIC

Along the borders of primary mineralisation bodies
are oolites composed of bementite, braunite, manganite
(a), and cryptomelane. The hard, scoriaceous surfaces
revealed on washing day from some specimens of pri
mary mineralisation (Fig. 5) is caused by aggregation
of these oolites and their ragged growth into clay
(Fig. 6). From the margins into the main mineral mass
there are all gradations from separate oolites to com
pact oolite aggregates and oolites held in a mangani
ferous cement. These oolites usually measure between

hard, coalescing knobs 1-3 em in diameter with their
surfaces cut by several sets of microfaulting or sheeting
in displacements of fractions of a millimetre. The
fourth type of nodule, of hematite, unspecified Mn
oxide, and day, associates dosely with manganese
mineralisation at Otau. Structures of this type measure
up to 10X6X3 em and exist as coalescing aggregates,
flattened parallel to the stratification of fissile volcanic
argillites. Easily broken open along shear planes parallel
to the fissility of the red argillites, the flat nodules dis
play a network of open shrinkage cracks in their inter
ior, typical of volume decrease by dehydration and
solidification of a colloidal mass.
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9-Polygonal aggregate of braunite (gr ey) within
chert (dark). Bar is 0·02 mm.

STANAWAY et al. - MANGAN ESE DEPOSITS

FIG. 7-00lites within chert composed of braunite
(grey) and bemenite (within oolite, but same colour
as surrounding chert). Bar is O·02 mm.

amounts of other minerals. Braunite forms xenomorphic
and hypidiomorphic polygonal aggregates with indivi
dual crystals 5- 300 f.lm in diameter. Interstitial crypto
melane, manganite-(a), clay, and qua rtz usua lly occur
in cavities rimmed by the euh edral edges of brauni te
crystals (Fig. 8) . W hen intergrow n with other minerals,
braunite exhibits the largest crystals and the greatest
tendency to idio mor phic outline (Fig. 9). The crypto
melane pr esent in pr imary mineralisati on has a porous
felted texture consisting of unoriented needle s 1- 50/lm
long. It appears to have two positions in the para
genetic sequence existing either interst itially with
braunite-impl ying contemporaneous crystallisa tion
or in irregu lar masses, as alterati on and corrosion from
braunite (Fig . 8 ) . The latter paragenesis is evidenced
from remnant braun ite crystals, s light colour differences
of cryptomela ne masses show ing up for mer braunite
cavities, and cryptomelane ext inguishing under crossed
nicols in patches of simila r size and shape to the

FIG. 8- Polygonal agg regate of braunite (often only
grey cores) largely altered to cryptomelane (li gh t
grey) with braunite remnant s now altering to nsuti te
(white) . Promin ent braunite rimme d cavity filled wi th

clay and crypto melane. Bar is O' 02 mm.

27

original braunite. In one specimen a few weak braunite
lines appeared on an X-ray photograph of what ap
peared under the microscope to be merely crypto
melane. Chemical ana lysis shows that sometimes psilo
melane rather than cryptomelane repl aces the braun ite.

Hausmannite occurs in a Purerua Peninsula
deposit, und er the microscope it appears as agg regates
of fine dar k grey crystals closely associa ted wi th
bemen ite and braunite. ]akobsite occurs as scattered
anhedra l crysta ls in iron-rich manganese deposits (e .g .,
Ruap ekapeka) . Identified by X-ray methods, be
mentite crysta ls are mostly too small to be
individ ually visible under the microscope. Small
coarser-grained patches and veinle ts show yellow-brow n
crystals with moderate birefringence and decussate
textu re. X -ray data show that bementite occurs in many
porous braun ite crysta ls characterised by yellow internal
reflections under reflected light.

Crystal cores r immed by supergene alteration pro
ducts and enclosed in chert are tentativel y identified as
bustamite. This mineral exh ibits the followi ng optical
proper ties: colou r, colou rless; ple ochroism, nil ; bire
fringence, up to second order green; rel ief, greater
than balsam; figur e, biaxial positive with 2V = 30-3 5°;
extinction, st raight; cleavage, in two sets at right angles
in basal sections. A sample of this mineral was un 
obtainable for X-r ay identification.

Tw o forms of manganite occur, both in very small
amounts. The first, manganite-(a) is a very dark , fine
grained minera l found as sheaf-like bundles of tiny
fibres, interst itial to bementite and braun ite . Manganite
(b) , a supergene mineral , develops in vein s and as an
alterat ion fro m bustamite. It is not as dar k as man
ganite-(a) and read ily alters to pyrolusite.

Supergene in S;11/ oxida tion of bustamite gives an
assemblage of cryptomelane, nsutite, manganite-(b), and
pyrolusite. Anoth er in situ oxidation occurring dur ing
near-surface weather ing is that of manganit e to tabu lar
subhedra l pyrolusite, showing the typical parallel
shr inkage cracks described for th is alte ration by Ram
dohr ( 1969) (Fig. 10) . Brauni te weathers to nsutite
with oxidation alteration advan cing inward from crystal
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FIG. 10-Granular pyrolusite, a probably supergene
alteration from manganite, showing parallel shrinkage
cracks. Geothite vein (grey). Bar is 0·02 mm.

rims. One braunite crystal is usually repl aced by several
tabular crystals of nsutite, 2-20 JLm long . Bementite
and hausmannite can also alter to nsut ite.

The nodules and nodu lar masses found in volcanic
arg illi tes consist of at least 50% clay ( illite by X -ray)
cemented by cryptomelane and hematite. In addition,
X-r ay analysis shows that lepidocrocite and magnet ite
can also be present. Shrinkage cracks ramifying through
the str ucture have little or no clay but contain psilo
melane, lithiophorite, goethite, and rare pyrolusite
(Fi g. 11).

Redeposited Mineralisation

SURFACE COATINGS AND FRACTURE FILLINGS

Joints filled with manganese and iron ox ides appear
in nearl y all outcr opp ing cherts and argilli tes. They are
prominent on the seashore for 1- 2 m above high water.

Mineralisation in large fractures and faults often
shows botryoidal growth form s. Dep osits found in some
small seasonal streams include surf ace incrustations up
to 30 cm thick, either as a botryoidal wad or as a hard
crust cementing stream pebbles. Some encrustations may
have weathered from underlying primary mineralisation
(Fig. 2) .

PISOLITES

A lateritic deposit with iron-mangane se pisolites in
the brown B soil horizon exists at Otonga over a red
clay containing subrounded to subangul ar lumps of pri
mary mineralisation . The dep osit covers about 7000 m2

and the underlying red clay is similar to red clays
weathered from submarine lavas seen elsewhere . Piso
lites can occur individually (2-5 mm diameter) or as
intergrown aggregate masses 1-10 cm across. Some
times these constitute up to 50% of the volume of the
B-hor izon. Concentration falls off in the yellow-brown
C-horizon.

ELUVIALS

Th in deposits found near to the surface consist of
lumps of manganese and iron oxides which have rolled
down hill to accumulate with reworked clays in lower
lying areas.

Another type of eluvial deposit develops with the
erosion of redep osited mineralisation on seashore ex
posures of chert and argillite. Manganese- and iron
oxide-rich pebbles accumulate on intertidal platforms
in sheltered bays, notably on Pakihi Island , at Te
Matuka Bay on W aiheke Island , and at Manganese
Point near Whangarei .

MINERALOGY AND MICROFABRIC

Microscopic features distinguishing redep osited man
ganese mineralisation include typical and abund ant col
[oform growth forms (Fig. 12); well-dev eloped vein
ing, except in lateritic pisolites; finer crystal sizes;
abundance of geothite; and large amounts of soft min
erals, difficult to polish.

Indistinguishable from cryptomelane under the
microscope, psilomelane was identified from the high
barium content of remobilised mineralisation (see Table
1). Usually psilomelane and lithiophorite occur as finely
intergrown crysta ls about 1 JLm in diameter . Admixtures
of these minerals with clay give grey-brown masses
under the microscope, too soft to polish . Cryptomel ane
may also exist in these assemblages, hut unfortunately
there arc no diagnostic X-ra y diffr act ion lines to
identify cryptomelane in the assemblages cryptomelane
psilomelane--lithiophorite, cryptomelane--Iithiophorite, or
psilomelane-cryptomelane. Psilomelane develops a
felted texture, with component crystals somet imes in
parallel arra ngement. Crystals rarely grow longer than
a few microns; however, where needle s grow at right
angles to cavity walls (comb textures) crystals can attain
lengths of 50 pm.

FIG. II-Shrinkage cracks filled with psilomelane/
cryptomelane (w hite) in nodule from Moumoukai.
Main mass (t oo soft to polish) consists of clay,
psilomelane/cryptomelane, hematite and lepidocrocite.
Bar is 0'02 mm.
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DISCUSSION

A volcanic origm for the chert s, manganese dep osits,
and the associated argi lli tes is strong ly favoured from
their localisation and prox imity to mafic subma rine lavas.

Geochemistry

The element distributions shown in Tab le 1 relate
directly to mineralogy. The Mn/Fe ratio of all but the
few pr imary deposits contain ing iron minerals is above
10, wh ile it is 10 or less for redepos ited miner alisat ion,
because of its high goeth ite content.

Cryptomelane formed during an early postdeposi tional
phase of K-metasomatism, but psilomelane formed in
preference to cryptomelane during near -surface weat her
ing , probably because of a greater abund ance of Ba in
groundwaters.

The greater abund ance of psil omelane over pyrolusite
in supergene mineralisation is att ributed to the strong
adsorption of Ba by colloidal manganese hydroxide pre
cipi tates. Pyrolus ite seems to form only from oxidation
of manga nite . Lithi ophorite, frequently the last mineral
formed in veins and cavities, reflects the presence of Li
in groundwater and its high concentration in residual
solutions. Ander son (1964) has shown that under super
gene conditions an abundance of Cu, Pb, or Zn can give
rise to crednerite, coronadite, and woodruffite respec
tively in prefer ence to pyro lusite . However, the small
amount of these metals in the redeposited mineralisation
indicates rather a substitution of K, Ba, Mn, in the
general formula (K"Ba,Pb) (Mn,Fe,Cu,Zn) Mns"'016
given by Ramdohr (19 69) for the series cryptomelane
hollandite-coronadite.

layers of geothite and clay with inner cores composed
of bundles of needle-shaped todorokite crystals 40-50 I'm
long.

Lithiophorite, when unmixed with other species, is
a last forming mineral in vein centres and cavity in
fillings (Fig . 12) and characteristically exhibits stron g
bireflectance (grey to blue) . It grows in xenomorphic
granular aggregates of crystals up to 0·01 mm in size.
Goethite always appears amorphous under the micro
scope.

In veins, pyrolusite has a fibrous habi t, with crystals
oriented perpendicular to the sides of the cavity. This
habit differs from that displayed when pyrolusite re
places manganite (Fig. 10) . Pisolites taken from a
lateritic deposit conta in only goethite todorokite, and
clay. The pisolites and pisolite aggregates possess outer

FIG. 12-Colloform growth layers consisting of crypto
melane/psilomelane (grey-white) with ?clay (thin
dark bands). Soft dark mineral upper left is lithio
phorite; also present in diffuse band (middle). Bar is
0 ·02 rnm.

TABLE I-Partial analyses of manganese mineralisat ion.

ppm

De pos i t t-1ine ra l i sat i on MnO ;: Fe l 0 3 S ; O, Ba O K,O L i 20 Cu Pb Ni Co Sr

PRI I1ARY

Mo umoukai l e n tic u l e s 54 .7 2 .6 4. 6 0 . 1 1. 8 2.5 100 200 70 20 500

Bomba y l ump s 76 . 0 1.0 2 .0 nd 0 . 1 0 . 1 240 20 0 80 20 300

Bo mba y l umps 4 3 . 5 1.0 1. 2 nd 3 . 0 0 .3 50 300 130 10 0030

Maunga n u i SW inte rl a yed wi t h
c hert 44 . 7 3 .8 27. 2 0 .6 1. 3 2 . 5 1 30 200 120 20 80 0

Maun g a nui strat a bo un d len s 67. 8 1. 0 1. 1 4. 4 0.3 0 . 1 20 400 60 20 80 0

Pa kahi Ls l c nd nod u les 41. 0 30 . 4 6 . 0 1. 2 2 . 5 65 800 100 20 400

REDEPO S I T ED

Pa kahi fa ul t i n f i l l i ng 31.9 24.3 7 . 4 8 .5 0 .2 0 . 3 U5 900 60 20 30 0

~aling anu i f a u l t i nfi l li ng 66.8 5 .4 10 . 2 3 .3 0 . 1 0 . 1 2 30 200 60 25 500

Ro c ky Ba y el uvi a l be a c h
pe bble 35 . 2 14 .1 29 . 8 2 .5 0 . 1 0. 1 28 5 20 0 11 0 60 500

Ot o ng a la t e r i t i c p iso l ite 27 .8 14 . 4 6 . 8 0 .6 0 . 6 0. 5 20 400 60 20 10 00

nu = no t de t e cted Ana l ys t : T . Wi l s o n, Un i ve r si t y o f Auc k l and
Geo l ogy De pa r t men t
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FIG. I3-Stability relations of some manganese and iron compounds in water at 25°c, 1 atmosphere total pressure,
1M carbonate concentration (from Garrels 1960 and Krauskopf 1967). Dotted line shows reduction in MnC03
field with total carbonate equal to O· 001M. Lower total carbonate will further decrease the field and increase the
oxide fields.

Zelanov's (1965) investigations of the submarine vol
cano Banu Wuhu, which showed that fumarole activity
can provide appropriate ions for the formation of the
sediments found in the volcanogenic association, pro
vides further support for this suggestion. He records
sea waters charged with silica, and sea-floor precipi
tates comprising (by weight) 40% iron oxides, 7%
manganese oxides, O' 25% titanium dioxide, up to 12%
silica, 4% alumina, and 2· 7% phosphorous pentoxide.
About 25% by weight of the precipitates consisted of
seawater salts containing Na, K, Mg, and Ca.

Silica precipitates at pH 9 when its concentration ex
ceeds 100-140 ppm, at 25°c (Millot 1970). Water in
contact with hot lavas at oceanic depths can contain
over 1000 ppm of dissolved silica (Bailey et al. 1964).
Iron and manganese concentrations can increase up to
one thousand times, with potassium also increasing
(Bischoff & Dickson 1975). Silica, iron, and man
ganese oxides can precipitate when these hot acidic
waters cool and mix with ordinary seawater to become
slightly alkaline and more oxidising (Fig. 13). Ordi
nary seawater has a temperature range from 0-30°C
with a pH around 8 and an Eh around 12· 5 (Sillen

1961). Alternatively, if the hot ion-charged waters boil,
any ions present in the vapour phase will precipitate,
probably as oxides and hydroxides following pressure
decrease as the bubbles rise to the surface.

The formation of clays in ion-charged seawater arises
because Al ions can induce rapid precipitation of silica.
Wey & Siffert (1962) show that the solubility of an
initially saturated silica solution (140 ppm at 25°c)
falls to 30 ppm silica and 1 ppm alumina when 40 ppm
alumina is added at a pH between 7 and 10. According
to Krauskopf (1%7) and Millot (1970), synthesis of
clay minerals is ensured by simple reaction from dilute
solutions containing appropriate ions. In Millet's scheme
clays can be formed either by subtraction (acid or alka
line environments) when ions are removed until those
appropriate to clay formation remain, or by addition
(alkaline environment only) when appropriate ions
accumulate. Clays of the volcanogenic association could
form both syngenetically as ions accumulated in weakly
alkaline seawater and/or diagenetically as ions accumu
lated in interstitial waters rich in alkaline and alkaline
earth elements (cf. Zelanov 1965).
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The following evidence supports the argument that
volcanic argillite represents lithified siliceous clays formed
during both sedimentation and diagenesis, and that only
a very minor amount of clay is derived from in sim
weathering of submarine tuffs, the devitrification of vol
canic glass, and the accumulation of land-derived (deep
sea) clay.

1. Corroded or remnant detritus is not found.

2. Glass shard structures are not generally found.
On one outcrop shards lie preserved in thin tuffs inter
stratified with sandstones adjacent to thick volcanic argil
lites in which shards are lacking.

3. Initial deposits must have been very fine
grained, because less deformed volcanic argillites show
fine lamination as colour bands. These sometimes con
tain different proportions of fine detritus.

4. Complete gradation from chert to volcanic argil
lite, with pervasive and sharply-bounded colouration,
can only be caused by microscopically even dispersal of
probably colloidal-sized clay, silica, hematite, and
chIori te, etc.

5. The shape and ragged edges of manganiferous
lenticules and microlentieules (Fig. 6) indicates growth
in fissile clay (depositional fabric). Zaritskiy (1909)
has shown that concretion shape is determined hv
medium asymmetry and not compression, and in this
respect it is significant that the oolites in cherts tend to
be spherical (Fig. 7).

6. Manganese mineralisation accompanying the
slowly accumulating deep sea clays (0'1-1 em per 100
years: Wedepuhl 1971) grows on the sea floor as reni
form crusts and nodules around objects, but minerali
sation of the volcanogenic association has grown
within sediment as lenses, lenticules, microlenticules,
and oolites indicating rapid sedimentation and burial.
Negligible trace elements of the volcanogenic association
manganese deposits also implies rapid sedimentation
and a limited period in contact with sea water (Table 1).

It is unlikely that volcanic argillite represents im
purity oxides expelled when silica gel converts to crys
talline silica (Davis 1918), because the beds of vol
canic argillite are sometimes tens of metres thick, with
chert and free silica only minor constituents.

Sediments of the volcanogenic association prominently
display structures such as nodules, lenses, and rhythmic
interlayering indicative of diagenetic unmixing of man
ganese-silica-clay precipitates. Some separation, how
ever, must be syngenetic with sedimentation because in
relatively undeformed volcanic argillites, colour bands
(red, green, maroon) and bands of chert at least 1 m
thick and continuous for over 100 m can be mapped
(Fig. 2). Primary manganese mineralisation also occurs
only along particular, persistent stratigraphic horizons.
Only within these bands or horizons has diagenetic seg
regation left discontinuous structures. Figure 13 shows
that there is a range of Eh-pH values (shaded area) for
which manganese, but not iron, is significantly soluble.
Silica also remains relatively immobile under these con
ditions. Thus, under appropriate conditions of Eh, pH,
and manganese concentration, manganese deposits could
form by migration and segregation of manganese (analo
gously to concretion formation in calcareous sediments)

Ceology-3
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with silica immobilised and iron remaining dispersed as
fine-grained hematite. Similarly, diagenetic segregation
of silica from clay, iron, and manganese probably took
place under more alkaline conditions since silica is
more soluble above pH 9 (Krauskopf 1967). In only a
few localities, notably at Otau, Kiripaka, and Pakihi,
has iron segregated into nodules, either with or without
manganese. From Fig. 13 this would have required a
low pH-Eh environment.

Like present-day submarine nodules, initial iron
manganese precipitates were probably largely amorphous
with the oolites (now visible only at mineralisation-host
rock boundaries) most representative of this original
material. Although these oolites could have started
growth in sea water, accretion must have continued
within the sediment because some oolites are up to 3 mm
diameter; some growth rings enclose several oolites
(Fig. 7); some oolites have asymmetric growth rings
indicating immobility and competition for space (Fig.
7); oolites in volcanic argillite tend to be more lenti
cular than those in chert (Figs 6, 7); and larger oolites
can enclose radiolarian tests.

The extent to which the minerals now seen have
recrystallised or represent altered original minerals is
unknown, Bementite and manganite-(a), however, prob
ably represent little recrystallised syngenetic/diagenetic
material (Fig. 3), since they appear both crystalline and
cryptocrystalline and lack replacement textures. Bernen
tire occurs within sharply defined growth layers within
some oolites as also does braunite. The latter, with its
large, well-formed crystals probably crystallised from
original smaller less well-defined crystals (Fig. 7). This
recrystallisation probably took place during diagenesis,
because chert enclosing porous braunite crystals else
where, suggests either prior or simultaneous formation
of braunite in chert (Fig. 9). Diagenetic recrystallisa
tion has also involved metasomatic alteration of a sub
stantial portion of the braunite (possibly also bementite
and hausmannite) to cryptomelane. This alteration re
quires the addition of potassium, probably from waters
trapped within the sediment (see Zelanov 1965). Ex
haustion of this element probably accounts for the
incomplete alteration since montmorillonite clays con
verting to illite and chlorite would have competed for
the potassium (Dunoyer de Segonzac 1970). Although
not found in oolites, hausrnannite was considered a
primary mineral because of its intimate association with
bernentite and because Sorem & Gunn (1967) considered
it primary in the similar deposits of the Olympic
Peninsula.

Quartz veining of cherts and manganese mineralisa
tion provides evidence of continued silica mobility dur
ing deep burial, but there is no evidence of chemical
mobility of manganese or iron during this period. Man
ganese appears to have mobilised only in response to
pressure stress in fractured cherts (Fig. 4C).

Following uplift acid meteoric water and ground
waters of low Eh rernobilised the iron and manganese
in the cherts, argillites, and lavas. Precipitation oc
curred again when the Fe" and the Mn" bearing solu
tions encountered highly oxidising and/or alkaline con
ditions in fractures, on surfaces, and in soils in contact
with the air (Fig. 13).
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