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Chapter 8 - STRUCTURES IN AUTOCHTHONOUS LITHOLOGIES 

STRUCTURES IN THE AUTOCHTHONOUS IIBASEMENT" DOMAIN 

8.1 SOFT SEDIMENT DEFORMATION 

In orogenic regions it is difficult to distinguish between features 

resulting from tectonism and those resulting from pre-tectonic soft 

sediment deformation. It is also difficult to differentiate between 

soft sediment deformation and sedimentary depositional processes 

(Pitches and Maltman 1978). 

Convoluted laminations and flame structures in the sandstones of the 

Waitahaia Formation (sandstone-dominated alternating sequence) are 

considered to be of sedimentary origin, formed in either depositional 

or early post-depositional phases, and have been discussed in Chapter 

3.2. Brittle deformations of consolidated sediments are described 

in later sections of this chapter. The transition period, within the 

realm of soft sediment deformation, within a subaqueous environment 

(Mills 1983), involves plastic deformation during dewatering (Burst 

1976) of partially consolidated material at various unequal stages of 

compaction in the "early diagenesis" stage CDunoyer de Segonzac 1970) 

of the "shallow burial" stage CSinger and MOller 1983) of diagenesis. 

In the case of argillaceous sediments this stage involves the conversion 

of water-saturated soft clay mud to a more indurated, coherent, damp 

mudstone by compaction and cementation, or by compaction alone. With 

diagenesis the decrease in porosity is very rapid down to about 250 -

300 m depth of burial, then slows considerably. The mud to mudstone 

conversion occurs approximately at 30% porosity which equates very 

roughly with a depth of burial of 500 m (Singer and MOller 19831. 
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Variations in the porosity/depth relationship are due to many factors -

grain size, mineral composition, cementation, depositional environment, 

tectonic stress, temperature gradient, overpressurised fluid zones 

(Rieke and Chilingarian 1974; Singer and MUller 1983). The mudstones 

of the Waitahaia Formation are poorly cemented with a low calcium 

carbonate content (Chapter 3.2), and the bonding of particles in early 

diagenesis of the mudstone was probably more reliant on cohesion. 

The initial porosity of sands (30 - 50%) is far less than that of muds 

(70 - 90%1 (5inger and MUller 1983), but the decrease in porosity 

during pre-burial stages is not as dramatic (.Rieke and Chilingarian 1974). 

Consequently compaction and consolidation of sandstones is slower - the 

precise rate being a response to grain size and sorting in particular 

(Chilingarian and Rieke 1968; Hamilton 19761. 

The following subsections describe soft sediment deformation which 

occurred during shallow burial of the ~/aitahaia Formation. Corresponding 

di~rupti6n - in the complexly faulted and folded zone 100 m downstream 

from the confluence of the Mata and Waitahaia Rivers will be discussed 

in section 8.5. 

8.1 a SOFT SEDIMENT FOLDS 

Only two folds in the Waitah.aia Formation are suspected of being formed 

in underconsolidated sediment, at Y15/55854285 on the Mata River and at 

Y15/49E53990 in Waingata Stream (refer to Figure 8.1, Localities 1 and 

2 respectively). Both consist of coherent folds (~ills 1983), 

distinguished from incoherent folds by - "minimal mixing of sediments 

with genera 1 retenti on of the beddi ng i dentity" - (Mi 11 s 19-83, p. 95) . 

No slide scars, created by the removal of material from its source, 
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were found. 

At the Mata River locality the folds can be found in isolated exposures 

along 100 m of the eastern river bank and involve no more than two 

300 mm-thick sandstone beds in an area containing sandstone and mudstone 

in the ratio of 1 : 1. Folded sandstones thicken in the fold hinges 

and verge in various directions, both sinistrally and dextrally. 

Surrounding incompetent mudstone within the folds is buckled and 

sheared. Beds above the folded horizons parallel tbose below the 

horizon, and are separated from the folded beds by shearing in each 

case. This may indicate that the fold is an intraformational shear 

horizon. 

To establish the direction of sliding, and thus obtain a likely 

paleoslope direction, two methods described by Woodcock (1979) were 

attempted, even though an inadequate number of folds were measurable. 

Both methods assume that both dextrally verging (clockwise down-plunge 

asymmetry) and sinistrally verging (anticlockwise down-plunge asymmetry} 

folds are present within the slipped region; this is the situation in the 

Mata River example. The methods assume open-cast movement; this is not 

considered to be the case for the Mata River because of shearing above 

and below the horizon. Nevertheless, despite this discrepancy, the 

methods are tested here. The downslope direction is the bisectrix of 

the fields of dextra l and sinistral folds as they plot on an equal area 

stereonet. Because later fold axes are generally subhorizontal (section 

8.3), bedding was, in most cases, rotated to horizontal around the strike. 

Following Woodcock's Separation Arc Method, vertical .great circles were 

drawn through the extreme points of the two fields (dextral and sinistral). 



213 

The slip line direction was estimated from the bisector of the angle 

(or arc) between the two great circles (Figure 8.2). The paleoslope 

dip is deduced from the intersection of the slip line and the girdle 

(an estimate of the original slump sheet attitude from a best fit 

great circle through fold axes). 

Woodcock's Mean Axis Method was also tested. A mean of the fold axes 

was positioned on the best fit girdle of the fold axes (Figure 8.2}. 

Opposing asymmetries Cvergences) about the mean axis (as in Figure 8.2} 

indicate the downslope orientation. If all the asymmetries had been 

the same way, the mean axis would have indicated the strike, or along-

slope direction. 

Figure 8.2: Diagrammatic representation of the Separation Arc 
Method and the Mean Axis Method of Woodcock (1979) 

as they apply to a slide in the Waitahaia Formation. 
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The two methods do not give identical results; however, even with 

sparse data, they indicate clearly a westerly direction of movement. 

However, flute and groove casts from the same region indicate consistent 

paleocurrents from south to north (figure 8.2). 

An isolated fold, covering only 2 m of stream bank, was measured at 

Y15/49653990 in Waingata Stream. Beds in this area are each 300 mm 

thick in the sandstone: mudstone ratio of 1 : 1, similar to those 

recorded for the folded horizon just described in the Mata River. 

The folded horizon itself involves only one, continuous, folded sandstone 

bed, thickened in the fold hinges, with ruptured sandstone lenses and 

sheared, buckled mudstones beneath it (Figure 8.3). The fold bulges 

upwards, and overlying beds thin as they drape over the fold. Sheared 

material is not present between the bulge and overlying beds. 

Figure 8.3: Field sketch of a possible soft sediment fold, Waingata 
Stream. 

1 m 

S 
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It is suggested that this is also a soft sediment fold (owing to the 

lensing sandstones and thickening in the fold hinges), covered by later 

sediment. Its bul ge has not been sheared or eroded by the younger 

beds, possibly indicating a low energy depositional environment, and 

also that the fold was open-cast rather than being the result of 

sliding of overlying sediments deforming a bed by shearing. With only 

one fold in this example, the paleoslope direct jon cannot be analysed to 

the same degree as the previous example. A southward vergence has been 

deduced, which is inconsistent with the Mata River fold and with 

paleocurrent directions. 

8.1 b CLASTIC INTRUSIONS 

Clastic intrusions result from injection of mobilised sediment into 

fractures within adjacent sediments, as a result of tectonic conditions 

or shrinkage and compaction of clastic successions . (Smyers and Peterson 

1971; Mills 1983). 

Clastic dikes and sills in the Waitahaia Formation are restricted to 

a stretch of the Mata River from Y15/555423 to Y15/564432 (Locality 3, 

Fig u re 8. 1 ) . They are composed of fine to very fine grained, well 

sorted sandstone, similar to that found in surrounding sandstone units, 

which was injected into cracks in consolidating mudstone; they have 

since been ptygmatically folded (Ramberg 1959; Ramsay and Huber 1983) 

by further compaction of their host mudstone. Some dikes are seen to 

have originated from mobilised sandstone beneath each mudstone into 

which they are squeezed. For most of the pinching and swelling 

intrusions with their massive and structureless nature and limited 

exposure, determination of the flow direction of the water-charged 



216 

Figure 8.4: Field sketch of cl astic dikes at Locality 3 (Figure 8.1). 
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sand is not possible (Figure 8. 4). One dike, however, can be seen 

projecting for over 2 m through the sandstone/mudstone succession. 

The dikes appear to have been intruded into three sets of fractures 

with attitudes of approximately 0100 /850 E, 0600/800 N and 1250/7SoSW 

(after removal of later regional dips by rotation around the strike). 

Clastic sills are less common . One example at Locality 3 (Figure 

8. 1) shows injection of material along tbe bedding (Figure 8.5). An 

offshoot of sand here has also been forced into surrounding mudstone, 

normal to bedding. 

In order for the sand to be intruded as a slurry, the sandstone units 

of the Waitahaia Formation must have been nonlithified at the time, but 

t he in tervening mudstones in t o which t hey were inj ected mus t have been 

consolidated to a sufficient degree to sustain planes of weakness. With 

weight of the overlying sediments the mudstones would solidify readily 

by compaction and expulsion of water, but the well sorted sands could 
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Figure 8.5: Field sketch of a clastic dike at Locality 3 (Figure 8.1) 

showing: 1 - sandy material injected along bedding, 

2 - a break-out of sand perpendicular to bedding. 
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not compact to any such extent and lithification would not take place 

without cementati on (Smyers and Peterson 1971; Sanderson, in Fi tches 

and Maltman 1978). 

15% compaction of mudstone has been estimated for the Waitahaia Formation 

after the injection of clastic dikes, by measuring the length of the 

ptygmatically folded dikes against the present thickness of enclosing 

mudstone. Measurement of the total compaction was not possible owing 

to a lack of suita&le markers such as fossils. According to Singer 

and MUller (1983) the rate of decrease of the initial volume of 

argill aceous sediments is very hi gh. down to a depth of 500 m, but with 

increasing depth of burial it becomes less. The point at which clay 

mud is converted to a mudstone is estimated by them to be at 30% 

poros ity. At this porosity the initial bulk volume of the mud has 

decreased by about 50%. Somewhere near this point (probably around 

40 - 50% compaction) clastic intrusions are thought to have been 

injected into theWaitahaia Formation mudstones. Adding the two 
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compaction percentages together gives a very approximate total compaction 

of the mudstone of up to 65%. 

The reason for the restriction of clastic intrusions to this particular 

section of the Mata River, in preference to other positions, is unclear. 

Possibly the increase in the proportion of mudstone units up section 

(refer to appropriate cross-sections in back pocket) may have acted as 

a barrier to the upwards expulsion of water (especially from the thick 

sandstones beneath) during compaction. If this was the case, pore water 

pressures would therefore be higher here than elsewhere in the sequence. 

Nevertheless it is unusual that clastic intrusions are not found in 

similar situations elsewhere within the Waitahaia Formation. 

8.1 c BOUDINAGE AND BROKEN FORMATION 

A number of soft sediment deformation features, recognised by sand 

mobilisation and deformed master bedding (Mills 1983), fall within the 

range of boudinage and broken formation (Davis 1984). They refl ect 

a higher degree of stress and strain imposed on more consolidated material 

than the deformation described earlier. Boudinaged horizons are 

reasonably common along limited sections of Waingata Stream, along the 

Waitahaia River (300 - 500 m northeast of Mangaropo Stream and 200 - 300 

m west of the river flats at the "old Puketoro homestead" and 400 m west 

of the MatajWaitahaia River junction) and also along the Mata River 

(400 m upstream from Mangaoahiroa Stream and 500 - 700 m northeast of the 

Mata/Waitahaia confluence). The examples are 5 - 20 m thick, involving 

approximately 50 - 100 individual, cm-thick beds, within undisturbed 

sequences of approximately 1 : 1 to 2 : 1 sandstone: mudstone; they may 

originally have been one horizon which has been subsequently extensively 
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folded and faulted. 

The boudins are pulled apart parallel to the bedding (Figure 8.6) and 

may appear as pinch and swell structures or as discrete lenticular boudins 

which still preserve the attitude ~f the bedding. Two examples, at 

Y15j540417 and Y15j550421, are pulled apart even further and have been 

slightly rotated and sheared, and as such, can be described as broken 

formation. The boudins vary in length, averaging 0.5 - 1 m long. 

Existence of boudins in the sequence indicates elongation parallel to 

bedding, where the materials vary in competence (Ramsay and Huber 1983). 

Figure 8.6: Orientation of boudin stress axes with respect to bedding. 

boudin 

boudin neck 

8.1 d DISCUSSION 

COMPRESSION 

bedding 
plane 

INTERMEDIATE AXIS 

EXTENSION 

Clastic intrusions and pull-apart features (Figure 8.7 1 are both. t hought 

to have formed at considerable depths within the Wai t ahaia Formation 

where some degree of compaction and consolidation had already taken 

place. After rotation of bedding to horizontal, extension directions 

group around E - W in the bedding plane. Compression axes are then 

nearly vertical and intermediate axes are N - S. 
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Further evidence of an episode of E - W extension can be seen in the 

fol1owing phase(s) of defomation observed in tbe regi'on (next section}. 

Figure 8.7: Relationship of boudins and clastic intrusions with 
bedding. Note that: 1 - folding post-dates the soft 
sediment structures, 2 - clastic intrusions are 
perpendicular to oedding, 3 - bDudin necks are parallel 
to the strike of b.edding, and 4 - extensi'on is approximately 
down-dip in both structures. 

Original data is diplayed in Appendi~ 3.1. 

clastic dikes 

boudin neck 
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8.2 EARLY STRUCTURES 

Structural ana lyses for the remaining sections of this chapter deal with 

deformations which took place after further compaction and consolidation 

of the Waitahaia Formation. Two distinct phases emerge, and these will 

be discussed in sections 8.3 and 8.4 to follow. 

However, a small number of structures are cut by faults belonging to the 

two major phases and therefore represent an earlier deformation. 

early structures fall into three groups:-

1) folds and faults (some conjugate); 

2) clay shears in thick, massive sandstones (sectio n 3.2c) · 
I 

3) poorly exposed conjugate fractures of various orientations. 

These 

Structures in group 1 cannot be compa red adequately until later tight

to-isoclinal folding on sub~horizontal axes (sect ion 8.3 ) has been 

eliminated by rotating bedding around the strike, back to an estimated 

approximate horizontal attitude. As a result a pa t tern of NE - SW 

sub-horizontal tension can be derived (Figure 8.8 a ) . As an experiment, 

the faults in group 3 were rotated in a similar manner. They then 

conform very acceptably to the NE - SW tension (Figure 8.8 b), and 

therefore are tentatively placed with group 1. 

Thick, massive sandstones in the Waitahaia Formation appear to be 

featureless, but when the rocks are wet, mic rometre-thin single shears 

or anastomosing fractures appear. Up to five or six cross-cutting sets 

of suc~ shears could be seen at any location. These cl ay shears are 

composed of sheared sandstone, full of quartz, feldspa r and clays, 

notably montmorillonite and illite (Chapter 3.2 c). The mul t iple, 

highly variable shears penetrate t hroughout the sandstones in many 
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Figure 8.8: Simplified equal area stereonets of group 1 (a) and 
rotated group 3 (b) faults. Complete stereonets of 

group 1 and 3 structures are drawn in Appendix 3.2. 

~~~ = pole to fault with indication of separation, 
• = compression axis, 0 = tension axis, both of which 

are joined by - - I 

X = intermediate axis. 
N N 

a b 

x 
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localities. After rotation of bedding planes back to the presumed 

horizontal, pre-isoclinal-folding attitudes, t he only consistent pattern 

to emerge from the shears is a vague tendency for nearly horizontal ~ 

NE - SW extension. Compression and intermediate axes are variable. 

The bedding-parallel tension axes measured from the clay shears are 

similar to tension axes estimated from othe r structures described 

above. This tensile regime may be a continuation of the extension 

which was in existence during development of pull-apart structures 

wh il e the sedi ment was st il l respondi ng in a pla stic manner (section 

8.1 c). With later folding rotated out, extension axes in the phases 

described so f ar are oriented E - Wand compression axes are vertical. 
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8.3 MAJOR N - S-TRENDING FAULTS AND FOLDS 

The west to east courses of the Waitahaia and Mata Rivers and sections 

of their tributaries cut across the most conspicuous structures within 

the Waitahaia Formation. These include N - S-trending faults and folds 

with associated striations and conjugate faulting. 

dates the structures described in section 8.2. 

The phase post-

The map of the autochthonous "basement" (back pocket) should be used in 

conjunction with the locality map (Figure 8.1) throughout this section. 

8.3 a FOLDING 

The most prominent structural feature displayed in the Waitahaia Formation 

is a N - S-trending, close, tight and isoclinal, upright, upward-facing, 

congruous fold system. The folds vary in magnitude but are generally 

symmetrical, or slightly asymmetrical, with near-vertical axial planes 

striking approximately 1700 (Figure 8.9). Most of the fold axes plunge 

about 200 S. Fold hinges are uncommon in outcrop; those that are 

exposed are generally angular in shape but fail to demonstrate typical 

characteristics of either parallel folds or similar folds. In accordance 

with observations by Hobbs, Means and Williams (1976) the folds probably 

lie somewhere between these two extremes. 

This style of folding extends for 6 km from Waingata Stream in the west, 

eastwards until approximately 1 km downstream from the confluence of the 

Mata and Waitahaia Rivers. For the next 4 km several inclined, upward

facing folds, still striking 1700 and plunging roughly lSoSSE (refer to 

cross-sections in the back pocketl, have wavelengths (crest to crest) 

often exceeding 1 km. These larger folds coincide with an area of 

marked increase in number and thickness of sandstone beds. 
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Figure 8.9: Examples of small l small enough to be phot ographed in 
outcrop} folds within this fold system . Note the 
buckling of thin sandstone beds in response to folding 
of the thick sandstone in the upper photograph at 
Locality 10 (Figure 8.11. The lower photograph shows 

3 simple fol ds to the left (west) of a minor shear 
zone, Locality 11 (Figure 8.1 ). Features simplified be\ow. 

\\ / 
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Further east along the Mata River, from Y15/599439 to at least Y15/613439, 

thinner beds with equal proportions of sandstone and mudstone are buckled 

into open and gentle, symmetrical, conical folds. -.Axial planes, when 

averaged, are vertical and trend N - S; fold axes plunge gently north or 

south. East of this region no clear structures can be seen in the 

numerous superficial slips and slumps on hills both north and south of the 

ri ver. 

Sandstone strike ridges can be traced northward for at least 3 - 4 km, 

into the catchment of the Waingakia River. Within this distance the 

dominant 1700 
- 3500 trend has swung around to a consistent NW - SE 

direction, but the folds have retained their closed or tight form 

(Moore et a 1.. 1984). 

South of the Waitahaia River the Waitahaia Formation is almost immediately 

truncated by overlying allochtbonous sediments. To the east, south of 

the Mata River, most of the allochthonous material has been eroded away, 

exposing thick sandstones of the Waitahaia Formation. The sporadic 

sandstone outcrops along the ridges would conform, where visible, to the 

nature of the tight, east-verging folding seen in the Mata River. 

However, in the vicinity of Rangikohua Trig, bedding attitudes become much 

shallower. It seems that folds in these thick sandstone beds may be part 

of the same open and gentle conical folds found in more mudstone

dominated sediments stratigraphically lower in the sequence (described 

two paragraphs earlier); but there is insufficient outcrop to confirm tbis 

hypothesis . 

Further east, along a ridge separating the Mata River from the Ihungia 

Catchment, the same thick undulating sandstones seem to form a cap (the 
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Rangikohua lithofacies of Kenny 1984~ over folded mudstones (~angarakeke 

lithofacies, Kenny 1984a). This ridge is topographically, and probably 

stratigraphically, above that eastern section of the Mata River where no 

reliable outcrop exists. Lack of data thus prevents study of the 

character and intensity of folding in this eastern region. A poor 

indication of tight and isoclinal folding was obtained from Mangarakeke 

Stream in the Ihungia Catchment. 

Overturned beds are visible in thin-bedded sequences at irregular 

intervals, in small, gentle, inclined folds with near-horizontal axial 

planes and variable fold axes, on the limbs of major folds. Typical 

examples occur at Localities 5 to 8 (Figure 8.1). 

8.3 b FAULTING 

Megascopic reverse faults cross-cut the NE - SW extensional structures 

described in the previous section (8.2). They trend N - S and occur at 

regular 600 - 800 m intervals in the Waitahaia Formation. In the western 

region the faults are vertical and downthrown to the east by approximately 

300 m. To the east faults dip steeply west and are downthrown about 

200 m to the east (Figure 8.10). They are accompanied by crush zones 

up to 1 m wide, but shearing and associated quartz veining are continued 

in the mudstone for some metres to either side. 

Many outcrops contain smaller scale N - S-trending faults which also 

belong to this phase. Where offsets are visible they are downthrown 

less than 1 m to the east on planes varying in attitude, through the 

vertical, from 600 W to 800 E. 
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Figure 8.10: Equal area stereonet depicting a summary of poles to 
megascopic reverse faults (UeO), chlorite gouge 

zones C © ), and mesoscopi c conjugate faul ts (UJOf) 

with their associated compression (.), extension (0) 
and intermediate (x) axes. Full representation is 
drawn in Appendix 3.3. 

N 

x 
x 

Figure 8.11: Method of obtaining principal stresses from known slip 
direction (following Ragan 1973, p153). 

61 = compression axis 

N 62 = intermediate axis 

63 = tension axis 

slip 

joint or fault plane 
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Bedding plane shear, particularly due to flexural slip, occurs throughout 

the section. It is delineated either by concentrated zones of severely 

crushed mudstones, often adjacent to sandstone beds, or by chloritised 

gouge zones (Chapter 3.2) parallel to bedding (Figure 8.101. Cal cite 

veins are frequently found along these shears. 

Localised mesoscopic conjugate faults have provided a most useful basis 

for analysis of stresses operating during th.is phase of faulting. 

Compression axes group around a horizontal E - W direction (figure 8.101, 

extension is steep to moderate in the northwestern quadrant and most 

intermediate axes cluster near the south direction. In all cases. 

extension has taken place subparallel to bedding. 

Striations, measured on joint or fault planes, have also been used to 

establish stress directions. Slip directions are obtained after 

Ragan (1973, p 153-4). In tbis method (Figure 8.11) the intermediate 

axis is located in the plane containing striations, 900 away from the 

slip line. Compression and extension axes will both lie on a great 

circle 900 away from the intermediate axis. Without any other information 

on the positions of the compression and extension axes, the average angle 

of internal friction (.30°) is used. Then a = 450 
- ~/2 = 300

, where 

a = the angle between the axis of compression and the slip direction, 

45 0 = bisector of the angle between compression and extension axes, 

~ = angle of internal friction (~veraged to 30°). Compression can then 

be plotted 30° from the slip direction, and extension will be 90° from 

compression on the same great circle. 

The three principal axes obtained from striations (Figure 8.12) plot in 

similar positions to those measured from conjugate faults (Figure 8.10), 

and again the extension directions. are within or close to bedding planes. 
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Figure 8.12: Equal area stereonet showing striations on shear planes, 

together with estimated principal stress directions. 

U"'" 
.~ = pole to plane containing striation 

" 
o 

><! = position of striation (~) at the intersection of 

\ the plane containing the striation and the plane 

(--_) containing the compression and tension 

axes 

• = compression axis, x = intermediate axis, 
o = tension axis 

N 

x x 

x 

Three N - S-trending zones of disruption, each 100 m thick, cross the 

Mata River at 1 and 1.5 km intervals (at Y15/555422, Y15/576436 and 

Y15/590440). They can be traced more than 4 km to the north, and 
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southward until they disappear under stratigraphically higher material. 

The westernmost of the three zones is well exposed along a section of 

the Mata River at Locality 4 (Figure 8.1), and will be discussed in 

detail separately in section 8.5. The other two zones are severely 

weathered and no information was obtained. 

8.3 c DISCUSSION 

In general, throughout the Waitahaia Formation, folds are predominantly 

tight to isoclinal, symmetrical (or eastward-verging in the east), 

upward-facing, with steep axial planes which trend approximately N - S 

to NNW - SSE (Figure 8.13). 

The presence of eastward-verging folds, especially in the east of the 

region, is difficult to understand largely because of the discontinuation 

of the Waitahaia Formation to the east and south. If they are regarded 

as minor folds within a larger system, they either indicate an 

Figure 8.13: Equal area stereonet summarlslng tight to isoclinal folds 

in the Waitahaia Formation. Full details may be studied 

in Appendix 3.4 . 

~ = pole to bedding, with 
younging direction indicated 

partial great circle linking 
bedding on both limbs of fold 
(anticline or syncline 
symbols added) 

axial plane 

o = fold axis 

~= fold axis with vergence of 
fold added 
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Figure 8.14: Minor folding showing reverse slip:-

a 

study area 

w 

a) on limbs of a regional anticline; 
b) on the upper plate in an area of a reverse slip simple 

shear regime. 
b 

study 

E w E 

anticlinorium (figure 8.14 a) or a reverse simple shear regime to the 

east (Figure 8 . 14 b) . 

In addition there are undul~ion5 with alternating overturned and right-way-

up bedding (Localities 5 to 8 ; Figure 8.1; Figure 8.15l. It is difficult 

to determine if these minor undulations were formed before or after 

development of the large folds because overprinting relationships were not 

seen in the exposures. 

Figure 8.15: Equal area stereonet summarlslng the vertical undulating 
N beds at Localities 5 to 8. Full 

representation of these folds ;s 
in Appendix 3.5. Symbols are the 
same as for Figure 8.13. 
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8.3 d ANALYSIS 

Information assembled from conjugate faults and striations indicates 

that E - W compression is dominant in this phase, with nearly vertical 

extension lying in the steeply dipping bedding. The material was 

displaced along regularly spaced, megascopic, steep reverse faults, and 

local shears, with consistent displacement down to the east. 

The geometric relationship between the N - S-trending faults and the 

close-to-isoclinal megascopic folds, also trending N - S, may indicate 

that both sets of structures belong together. Similar relationships 

are recorded elsewhere; for example the Ruahines, in the southern part 

of the North Island axial ranges (Sp5rli and Bell 1976). 

Fault planes change gradually in attitude from vertical in the west to 

steeply west dipping in the east (although N - S trends remain constant). 

Figure 8.14 illustrates that axial planes of the close-t~-isoclinal 

folds behave in a similar manner. In other words, both faulting and 

folding structures dip steeply in the west and less steeply in the east. 

Also, regional and local faults in this system have orientations parallel 

to the axial planes of the folds and, in the east, have the same 

displacement direction as the sense of vergence on these folds (Figure 

8.16). 

Earlier, it was concluded that folding was consistent with the possible 

development of an anticlinorium structure of regional extent, or perhaps 

a reverse simple shear regime, further to the east. Information from 

faults only serves to support these hypotheses. 
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Figure 8.16: Parallelism between axial planes of folds and fault 
planes. 

W E 

~ = reverse slip 
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8.4 LATER STRUCTURES 

Numerous fractures cut faults and folds of the dominant N - S-trending 

phase described in section 8.3. They have been divided here, into five 

diverse groups of principal stress directions, which may represent five 

different faulting events. Two of the five events could have been 

generated at different times or they may be co-eval - no cross-cutting 

relationships, which could have established successive ages, were 

identified. For convenience these events are referred to as A and B. 

A third period of faulting (C) is known to be younger than both A and 

B. A fourth event (0) cuts C. The fifth group (X) is not compatible 

with other patterns of principal stresses in A to 0, nor can it be 

assigned a specific position in the time sequence of faulting in this 

post-N - S-trending phase. 

Striations are recognised as having been formed during some of these 

fault movements. Apparently no folds developed in response to any of 

the compressive forces operating during this time. 

8.4 a DESCRIPTIONS OF EACl-l EVENT 

Examples of Event X are restricted to a section of the Mata and Waitahaia 

Rivers less than 2 km from their confluence. They consist of scratch 

striations on joint surfaces and single faults which exhibit 300 mm 

dextral off sets along approximately E - W to ESE - WNW-trending, southward-

dipping planes of weakness. Al so included are two sets of conjugate 

faults 300 m and 700 m west of Locality 9 (Figure 8.1), each with offsets 

in the order of 1 m. 

8.17 a. 

Pr incipal stress directions can be seen in Figure 
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Figure 8.17: Summaries of principal stress directions for each of , 

the five events in the post-N - S-trending phase. 

a) Event X 

c) Event B 

e) Event 0 

Full stereonets appear in Appendix 3.6 a-e. 

N 

x 

N 

x 

N 

x 

b) Event A 

d) Event C 

= compression axis 
x = intermediate axis 
c = tension axis 

N 

N 
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Faults and striations belonging to Event A are confined to a section of 

the Mata River from Y15/558427 to Y15/575435. Tiny multiple conjugate 

fractures, with offsets of less than 5 mm, tectonically thin and thicken 

sandstone beds at numerous sites along this part of the river (Figure 

8.181. Scratch striations measured on both sets of miniature fractures 

give similar principal stress directions to those directions provided by 

the conjugate sets themselves (Figure 8.17 b). Other striations on 

joint planes are compatible with the tiny fractures of reverse sense. 

Most steeply dipping single faults are displaced dextrally by about 

200 - 400 mm and are consistent with the dextral set in the multiple 

fractures. Two of the individual faults contain calcite veining. 

Figure 8.18: Small multiple conjugate fractures at Y15/573433 on tbe 
Mata River. 
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Event B occurs over much of the same section of the river as Event A -

from Y15/552421 to Y15/573433. It was also recognised along the ridge 

east of Rangikohua Trig, at the northwestern edge of the Ihungia 

Catchment (Kenny 1980, 1984a) in the form of megascopic normal (dextral) 

faults oriented 020o/850W and offset down to the west by about 200 m. 

Many mesoscopic fractures, dipping steeply east, were measured along the 

Mata River at Y15/573433. Each has reverse dextral slip of 200 - 500 mm. 

Vertical scratch striations on beds dipping steeply west has been 

maintained, togetber with some minor dextral component. These fractures 

produce a pattern of E - W extension, with steep compression axes grouped 

in the NE quadrant of the stereonet and intermediate axes oriented N - S 

(Figure 8.17 c). 

Examples of Event C have been found from the junction of the Mata and 

Waitahaia Rivers to the east of Rangikohua Trig, but are concentrated 

along the Mata from Y15/559431 to Y15/573433. Conjugate faults (with 

offsets of 100 - 900 mm) indicate N - S extension. Single faults (~f 

300 - 400 mm throw) parallel one or other of the conjugate set fractures 

(Figure 8.17 d). One such fault cuts calcite veins of Event A in the 

vicinity of Y15/562432. Larger faults were measured by Kenny (1980, 

1984a) along the ridge east of Rangikohua Trig. They are upthrown 

200 m to the southeast along 050o/800 SE planes; some sinistral displace-

ment is also involved. The only striations included in this event are 

associated with one half of a conjugate set at Y15/592436. As striation 

analysis is only an approximation lsee explanation in section 8.3) the 

striation principal stress directions do not match ve ry closely those 

directions measured from the conjugate fault. 

fitted into the stress pattern for this event. 

However both can be 
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Event 0 is the most widespread of the five events that post-date the 

dominant N - S-trending phase, being found from Y15/530408 (Waitahaia 

River) to Y15/596442 (eastern Mata River). All the larger faults of 

this (post-N - S-trends) phase have been assigned to Event D. They 

trend WNW - ESE in the west to NNW - SSE in the east, dip very steeply 

(mostly to the northeast) and are each upthrown to the southwest by 

200 - 600 m. The westernmost example (YI5/530408) and those in the 

east (~long the ridge east of Rangikohua Trig) can be traced to the 

boundary of the Waitahaia Formation with the overlying autochthonous 

"cover" and allochthonous material respectively. Conjugate faults, 

which also belong to this event, and which display offsets of 0.2 -

1 m, demonstrate a tendency for ENE - WSW extension (Figure 8.17 e); 

compression axes group in the southeast quadrant, and intermediate axes 

in the northwest quadrant. Numerous small faults, which displace 

bedding by 200 - 300 mm, are aligned with one or other of the faults in 

conjugate pairs. 

this event. 

No striations are considered to have formed during 

8.4 b ANALYSIS OF THE EVENTS 

An attempt has been made to establish a sequence of faulting within 

the phase which post-dates the major N - S-trending phase of the 

Waitahaia Formation. Five events have been described in subsection 

8.4 a. Only three localities in the present study area provide evidence 

for structural age relationships. At Y15/57534330 reverse (dextral) 

faults (]200/650E) belonging to Event B are offset sinistrally 200 -

300 mm along 1000 /850 5 faults of Event C. Therefore B pre-dates C. 

In the vicinity of Y15/562432 a calcite vein,believed to be of the 

variety estimated elsewhere as having formed along dextral faults of 
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Event A, has been offset 100mm by a sinistral reverse fault (1550/850 N) 

which also belongs to Event C. Scratch striations of Event A on bedding 

planes at Y15/592436 have been cut by conjugate faults which belong to 

Event C. Thus Event A, as well as B, pre-dates C. No evidence could 

be found to determine whether A pre-dates, post-dates or is the same age 

as B. Similarly no cross-cutting relationships involving Event X were 

recognised. 

In the region to the east of the present study area, in the hills east 

of Rangikohua Trig, Ihungia Catchment, Kenny (1980, 1984a) detected and 

analysed three trends of megascopic faults, which have been described 

here in sUbsection 8.4 a for Events B, C and D. That previous study 

described a structural relationship where B pre-dated C, which in turn 

pre-dated D. 

If the information from Ihungia is correct, then the following conclusion 

can be reached:-

C<::
younger than A~? 

o younger than 
younge r than B.t!· 

~E~----?---------X---------?----~> 

Band 0 are the only events that are seen to be cut by the allochthon 

(at numerous localities in the Mangarakeke Subcatchment in the north

western Ihungia Catchment) and by the autochthonous "cover" sediments 

(at Y15/530408 on the Waitahaia River) . Therefore, if Events Band 0 

pre-date the deposition or emplacement of stratigraphically higher 

material, so too do A and C. This implies that A to 0 (and probably Xl 
were formed in latest Ngaterian to early Arowhanan times (Cenomanian). 

In each of these four events the extension direction is nearly 
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horizontal. The tension axes also form the tightest clusters of points 

on each stereonet and may be the most influential of the principal stress 

directions. Reasons for the sUb-horizontal extension directions -

WNW - ESE for A, WSW - ENE for B, N - S for C and SW - NE for 0 - are 

not clear. 

Event X does not conform to this pattern of extension in a sub-horizontal 

plane. Compression axes are probably closer to being horizontal than 

tension axes (Figure 8.17 a). Furthermore, compression directions are 

oriented approximately E - W, which means that the configuration is not 

unlike the previous major N - S-trending phase. Therefore Event X may 

be transitional from the dominant N - S phase (which it cuts} to the 

variable trends of Events A to 0 in the later phase .' However, there 

is insufficient evidence for this . It seems necessary to delay 

assigning a specific age relationship for Event X until more information 

can be obtained from further afield. 
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8.5 100 m-WIDE "ZONE OF DISRUPTION" 

Three such zones, each 100 m wide and 1 and 1.5 km apart, trending N - S, 

were mentioned in section 8. 3 b. One of these is well exposed along 

the Mata River in two strips, one each side of the river, from 

Y15/55434211 to Y15/55544230 on the eastern bank, and Y15/55404227 to 

Y15/55454235 on the western bank (the vicinity of Locality 4, Figure 

8.1). These strips were studied in detail and the results are presented 

below. The other two zones, which cross the river at Y15/576436 and 

Y15/590440, are too poorly exposed and weathered for analysis. They 

are presumed to be similar to the zone about to be described. 

The zone is a complex arrangement of faults and folds and broken 

formation*. Figure 8. 19 indicates the apparent complexity within the 

zone. Careful analysis of cross-cutting relationships has permitted 

five phases of faulting, two phases of folding and the development of 

broken formation to be recognised. 

8.5 a BROKEN FORMATION 

Horizons of broken formation are deformed by later faulting and folding 

(described in subsections 8.5 band 8.5 c respectivel) but may once 

have formed continuous extended layers. 

When later folds are unravelled the true broken formation horizons rarely 

exceed 1 m thickness. Mudstones supporting the broken formation are 

* Broken formation is defined here as - "a body of broken strata that 

contains no exotic elements" - (HsLl 1968, p1065). 



Figure 8.19 a: Outcrop log of the western bank of the Mata River, at Y15/554423 tLocality 4, Figure 8.1), 
broken into two overlapping segments. 

mudstones are left blank. 
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Figure 8.19 b: Outcrop log of the eastern bank of the 
Mata River, at Y15/555422 (Locality 4, Figure 8.1), 
broken into three overlapping segments. Drawn at 

the same scale as Figure 8.19 
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highly sheared. 

8.5 b FAULTING 

Faults within the zone have been divided into five phases of movement, 

based on cross-cutting relationships, fault plane orientations and 

slip directions. 

Phase I and 2 faults are restricted to the eastern bank of the Mata 

River. The oldest phase t l) (Figure 8.20 a) includes small 

conjugate faults, where extension has taken place along the 

bedding pl anes and t rends NNE - SSW. 

pl unge mode rately steeply WN W - ESE. 

Compress i on axes 

Other fa ul ts are parallel to, 

and have similar slip to one or other of the conjugate pair. 

Phase I structures are offset 100 - 300 mm by f aults belonging to phase 2. 

Phase 2 principal stress directions appear t o be similar to those of 

phase 1 and again extension is bedding parallel (Figure 8.20 b). 

The third phase of f aulting is dominated by sinistral shears trending 

400 
- 700 S along the eastern side of the river and conjugate faults on 

the western side. Other similarly oriented faults are involved in 

conjugate sets, or sl i p vectors derived from striations show that they 

belong to this group. In most cases compression axes have a horizontal 

N - S trend and extension di rections are E - W (Figure 8.20 c). 

The fourth phase (Figure 8.20 d) comprises st r i ations and conjugate faults 

as well as some prominent faults offset dextrally, and often with some 

reverse separation as well. Stereonet analyses demonstrate a clear 



246 

Figure 8.20: Summaries of principal stress directions for each of the 

a) Phase 1 

c) Phase 3 

e) Phase 5 

five events in the "lone of Disruption". Full 
stereonets appear in Appendix 3.7 a-e. 

N 

x 

N 

x 

N 

x 

= compression axis 
x = intermediate axis 
0= tension axis 

b) Phase 2 N 

x 

d) Phase 4 
N 
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E - W horizontal compression operating at this time, usually accompanied 

by steep extension directions. 

The youngest faults (fifth phase) are the most prominent of all in the 

"zone of disruption", and are generally oriented approximately NNW - SSE 

and dip steeply ENE. Conjugate faults and en echelon fractures have 

been recognised. An examination of tbe stereonet for this phase (Figure 

8.20 e) shows that principal stress directions are not as consistent as 

they are in previous phases. 

8.5 c FOLDING 

Two phases of folding have been recorded within the 100 m-wide "zone of 

di srupti on". The younger of the two is domi nant on both banks of the 

Mata River. This younger phase consists of a great variety of right·way·op 

and inverted, close to tight folds (Figure 8.21 a and b). 

Younger phase folds on the eastern bank are assigned to two domains. 

Folds in the northern domain, simplified in Figure 8.21 a, possess axial 

planes oriented about 1400 j850E and have fold axes which plunge 450 ESE 

and are frequently inclined towards the SSW. Folds in the southern 

domain, simplified in Figure 8.21 a, have axial planes averaging 

1500 j600 W, fold axes plunging 3Uo SSE, and often verge east. Folds of 

the northern and southern domains are inclined inwards, towards each 

other. They conform to the pattern of minor folds on the limb of an 

anticline, similar to that imagined on a larger scale in section 8. 2, 

which would have a fold hinge at the intersection of the two domains 

(at Y15j55514217). 
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Figure 8.21: Summaries of equal area stereonets displayed in Appendix 

3.8 a and b, for folds of the younger phase in the II zone 
of disruptionll. 

I = pole to bedding with younging shown 

" = axial plane 
pr = fold axis with vergence indicated 

a) eastern river bank 

n = northern domain 

s = southern domain 

b) western river bank 

N N 

Axial planes of folds formed in the bedding of the western side of the 

river (Figure 8.21 b) are oriented about 16So/7SoW. Fold axes plunge 

approximately 200 NNW (although a few plunge gently SSE). Some folds 

are inclined towards the ENE; none are inclined in the opposite direction. 

All folds which are older than those just described have been grouped 

together, even though they may not have been formed in the one phase of 

deformation. They consist of box folds~ inclined folds and completely 

inverted folds on the eastern side of the rive r . In order to study 

this group of folds (shown in Figure 8.22) more accurately, the effects 
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Figure 8.22: Summary of orientations of the older folding phase 

after the effects of later folding have been removed 

(inct~ding rotation about local strikes). Fall 
coverage appears in Appendix 3.9. 

I 
I 

I 

I 
I 

I 

r 

~ = pole to bedding with 

younging shown 

~ = axial plane 
<:> = fold axis 

of the subsequent phase of folding have been removed by a two step 

rotation around the strikes of the beds and plunges of the fold axes. 

The early folds were then grouped tentatively into two groups using 

fold types and age differences from cross-cutting relationships. The 

f i rst ~roup has been cut by fa ults as old as the third phase within the 

"zone of disruption" (described in section 8.5 b). It includes E - W-

trending, inclined. open antiforms and synforms with axial planes dipping 

moderately steeply to the south. Fold axes were horizontal originally. 

An inverted, isoclinal antiform also belongs to this group. It is 
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refolded by a younger anticline. Once the effects of the younger fold 

are removed the isoclinal fold takes on an upright attitude with a nearly 

vertical axial plane trending NNW - SSE. 

The second type of folding is confined to the eastern river bank and has 

been cut by the earliest faulting phase (section 8.5 b). It includes 

box folds and anti forms and synforms. The latter at present 

have nearly vertical axial planes trending NW - SE. When later folding 

is removed the axial planes and fold axes become sub-horizontal (Figure 

This pattern of inclined folding is consistent with the pattern 

of early folding found in the Waitahaia Formation as a whole (section 

8.2) . 

8.5 d DISCUSSION 

The presence of the Il zone of disruption 'l (jncluding the two poorly 

exposed IIzones" to the east) is not understood. The phenomena appear 

to have been in existence since at least the earliest phases of brittle 

deformation. 

Using the information, given in section 8.5 c, on the minor folds of the 

two eastern domains of the younger folding phase, an anticlinal feature 

can be modelled, which has an axial plane of approximately 1450 /75 0W and 

a fold axis wh.ich plunges about 400 SE. However fold axes on the western 

side plunge 200 towards the NNW whereas fold axes in both domains on the 

eastern side plunge 400 SE. Therefore it is conceivable th~t fold 

patterns delineate a doubly plunging anticlinal structure. 

The geometry of the younger folds is almost identical with_ that of the 
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major regional N - S-trending folds (section 8.3 a). Folding in the 

older phase is roughly consistent with the patterns of folding in the 

early deformation on the regional scale (section 8.2). A comparison of 

faulting phases 4 and 5 in the "zone of disruption" may be made with 

that on a regional level in the major N - S-trending phase (section 8.3) 

and later structures (section 8.4). It would seem, therefore, that 

although structures in the "zones of disruption" have been somehow 

concentrated along N - S trends, they are in fact part of the regional 

tectonic pattern of the Waitahaia Formation. 
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8.6 PRELIMINARY DISCUSSION AND ANALYSIS OF AUTOCHTHONOUS"BASEMENT"DOMAIN 

All structural phases confined to the autochthonous "basement" domain of 

the Ngaterian Waitahaia Formation were formed in the space of probably 

less than 5 million years in the latest Ngaterian and/or earliest 

Arowhanan, prior to the commencement of deposition of the "cover" 

sediments in Arowhanan times. All structures (Table 8.1), with the 

exception of those in one significant phase, are localised mesoscopic 

features, which have been placed in a chronological order according to 

cross-cutting relationships. The exception is the major N - S-trending 

phase, expressed in both faulting and folding events (section 8.3). 

The dominance of this trend would indicate that it is probably of 

Table 8.1: Summary of stress and strain axes and sequence of events 

of structures in the Waitahaia Formation. 
SEOl,lENCE STRESS AND STRAIN AXES 

earliest 
I - Soft sediment structures:-

{- folds 
I insufficient data 

- clastic intrusions and boudinage 
1= 

compression perpendicular to 
bedding 

I 
tension and intermediate axes 

pa ra 11 e 1 to beddinq ---_. -
- early structures in more compact and - downdip extension within the 

consolidated sediments bedding plane 
REMOVAL OF THE EFFECTS OF LATER FOLDI NG BRINGS EXTENSION DIRECTIONS OF 
THE ABOVE STRUCTURES TO APPROXIMATELY E - W SUB-HORIZONTAL ORIENTATIONS 
- Major N - S trends:-r faults - compression E - W, extension 

within the steeply dipping 
bedding 

- folds - fold axes of N - S-trending, 
close-to-isoclinal folds 
show a geometric relationship 
with stress axes of 

r--------- - associated faults 
- Later structures:-

• ___ R _ 

- Event X (possibly transitional - moderate plunges for compression 
from major N - S trends to the (WNW - ESE) and tension (ENE 
following later structures) WSW) axes (compression closer 

to horizontal than t ension) 
- Events A and B - E - W horizontal extension 
- Event C - moderate plunges for compression 

(NE - SW) and tension (NNW -
SSE) axes 

- Event D - NE - SW tension 
latest 
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regional, rather than local, significance. Recognising the trend 

elsewhere may assist in the understanding of its development. 

Reconnaissance surveys in 1983 by members of the New Zealand Geological 

Survey CMoore et al. 1984) along the Waingakia and Ruatahunga Streams 

(Figure 8.23) provide helpful comparisons for structural study of the 

Waitahaia Formation. Many of the dominant N - S-trending faults and 

crush zones along the Mata and Waitahaia Rivers are easily traced north 

to Waingakia Stream. Here the faults are accompanied by 1 - 2 m-wide 

crush zones, vei ni ng and small scale (l ess than 5 m') faults. Fault; ng 

was found either to relate to folding or to post-date it. Bedding is 

tightly folded around major N - S-trending steep axial planes, except 

in the far west-northwest parts of the catchment, where trends are 

closer to E - W. Thick sandstones east of Y15/55334694 are more open 

folded than thinner bedded sequences to the west. Along strike in a 

southerly direction, the same thick sandstones, crossing the Mata River 

just east of Locality 3 (figure 8.1), sbow tbe same characteristics. 

Other structural phases observed along the Mata and Waitahaia Rivers 

Figure 8.23: Location of Waingakia and Ruatahunga Streams in relatton 
to the main rivers in the region, and the present study 
area. 
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were not recognised in the reconnaissance study to the north. Major 

trends are reported to pre-date deposition of the Karekare Formation. 

To the west, Ruatahunga Stream runs parallel to the N - S structural 

trends (Figure 8.23). Here, the alternating sandstone/mudstone sequence 

is ti~htly folded about N - S axes, and verges towards the east. Only 

minor crush zones were found, and these are assumed, in the present study, 

to be pre-Karekare Formation. As in western Waingakia Stream, 

structures in the northernmost reaches of Ruatahunga Stream change to 

E - W trends. 

Structural comparisons further away from the immediate area around the 

Mata and Waitahaia Rivers are difficult to make. The main Raukumara 

Ranges to the west contain Lower to Middle Cretaceous rocks lSpeden, 

in Stevens and Speden 1978). Closer to the western coast of Raukumara 

Pen i nsul a older "Torl esse Supergroup basement" greywackes (now ass i gned 

to the new Mata River terrane - Sp~rli and Ballance 1985) are exposed 

(Hoolihan 1~77). Evidence from western and central Raukumara Peninsula 

(Isaac 1972; Feary 1979; Hill 1974; Speden 1975 ,1978; Hoolihan 1977) 

points to severe deformation of these lithologies during the New Zealand

wide Rangitata Orogeny which ceased towards the end of the Early 

Cretaceous (Suggate et al. 1978; Bradshaw et al. 1~80). By this time 

(Aptian) throughout New Zealand - "'Torlesse ' strata were already in 

sub-vertical position" and "main strike trends consistently NNE to NE" 

- (5p8rli 1978 , p4211. 

Open fol ded beds of Cretaceous and younger age rest unconformab-ly on 

the tight to isoclinally folded basement in the study area. An example 

also occurs 60 - 70 km southwest of the study area, in the Waioeka 

Gorge/Matawai/Motu Falls region (Speden 1975; Isaac 1977; Moore 1978; 
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Speden, in Stevens and Speden 1978; Suggate et al. 1978). Here rocks are 

of a similar age to the complexly folded and faulted Waitahaia Formation, 

which has undergone only slight deformation. 

Little information could be found in the literature, which pointed to 

significant intra-Cenomanian deformation, similar to that found in the 

study area. A possible exception is reported from the eastern Wairarapa 

by Johnston (.1975, 1980), structurally interpreted by SpBrl i (1978) and 

dated by Moore and Speden (979). In the Tinui-Awatoitoi area rocks 

of the Pahaoa Group (Urutawan - Motuan) are high-ly deformed with NNE 

trends. Lithologies of the unconformably overlying Mangapurupuru Group 

(Motuan - Piripauan) are markedly less complex, although most beds are 

steeply dipping (greater than 450
). However in the White Rock/Tora and 

Maringi (Tinui) areas alternating sequences of the Springhill Formation 

(Motuan - Piripauan) of the Mangapurupuru Group are more intensely 

deformed and resemble some complex structures of tbe Pahaoa Group. 

Northeast trends can also be detected from deformation in the Glenburn 

Formation (Ngaterian - Piripauanl, also of the Mangapurupuru Group. The 

NW - SE horizontal compression in these rocks may be the same in part 

(Ngaterian), but the rocks are not nearly as intensely defomed as the 

Waitahaia Formation in the Waitahaia/Mata River area (Ngaterian). 

Simple folding and faulting in the Mangapurupuru Group in believed to 

have occurred during Early and Middle Cenozoic events (Johnston 1975, 

1980; Moore and Speden 1984). 

At Kekerengu, northeast Ma rl borough, lithologies of Motuan (and probably 

also Ngaterian) age (Good Creek Formation) have undergone complex 

deformation, yet only a few kilometres west, at Coverham, sediments of 

similar age are relatively undeformed CPrebble 1976). 
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It has been noted earlier that the major tectonism associated with the 

Rangitata Orogeny had decreased markedly by tbe end of the Motuan. 

However in the Waitahaia/Mata River area a similar Rangitata style of 

deformation is present in the Ngaterian Waitahaia Formation, but it 

is not found in overlying Karekare Formation (Raukumara Series). 

Therefore it is concluded that severe but sbort-lived tectonism occurred 

later in this region, and perhaps also in eastern Wairarapa and 

Marlborough, but had ceased by Arowhanan times. 

Further discussion of the Waitahaia Formation and its relationship with 

overlying sediments, will be given in Chapter 11. 
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AUTOCHTHONOUS "COVER" DOMAIN 

Cretaceous rocks belonging to the Karekare Formation rest, with a large 

angular unconformity, upon the highly deformed Cretaceous "ba"sement" 

(Waitahaia Formation). The unconformity is of regional extent (Isaac 

1977; Moore 1978; Speden, in Stevens and Speden 1978; pers. observ. 

1982) and dips approximately 300 SSE, although it tends to undulate 

unevenly along its length. The onlap of the overlying beds is 

diachronous within the study area from Arowhanan to Teratan age (based 

on identified Inoceramid species), but is older and exhibits more 

variable diachroneity towards the Waioeka Gorge to the southwest. 

The boundary between "basement" and "cover" is inevitably covered by 

grass, scrub or loose Karekare Formation scree (Figure 8.24). The 

unconformity is best studied in Puketoro Stream, less than 100 m from 

its mouth, where it is well documented by Wellman (1959), Pick (1962), 

Rumeau (1966) and Speden (in Stevens and Speden 1978). At this 

locality (Yl5/55074112) steeply dipping "basement", striking parallel 

to the stream, is overlain by Karekare Formation (of Arowhanan age 

here) which dips gently SSE lFigure 8.25). 

Whangai Formation overlies tbe Karekare Formation and is included in the 

autochthonous "cover" domain. 
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Figure 8.24: Poorly exposed unconformity separating tightly folded 
Waitahaia Formation (below it) from Karekare Formation 
(above), at Y15/49583988 on Waingata Stream (Locality 
6, Figure 8.27). 

Figure 8.25: The unconformity between steeply dipping Waitahaia 
Formation (right) and moderately south-dipping (left) 
Karekare Formation, at Y15/55074112 in Puketoro 
Stream (Locality 1, Figure 8.27). 
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8. 7 STRUCTURES WITHIN THE KAREKARE FORMATION 

The Karekare Formation appears to be much less deformed th.an the tightly 

folded and complexly faulted Waitahaia Formation. Its overall strike 

i s 0800 and dip is about 300 S, but slight undulations have produced 

broad , gentle (interlim~ angle greater than 120°) anticlines and 

synclines which trend N - NNW and plunge about 300 S (Figure 8.26} . Tbe 

axial plane and fold axis orientations are parallel to the dominant 

N - S-trending phase of the Waitabaia Formation (section 8. 3). 

The Karekare Formation has been displaced by megascopic E - W- trending 

normal faults (described in Chapter .10). and by rare mesoscopic folding 

and faulting wbich is confined to tbe oldest (Arowhanan age) beds. An 

eastward-verging recumbent fold can be traced high on the western side 

of the Puketoro Catchment (Locality 3, Figure 8. 27; Figure 8.28) . Most 

of the shear with.in the fold has been taken up in the mudstone, but 

minor folds (Ramsay 1979) have formed on the limbs of the larger 

structure. Fold axes plunge 5° - 200 S, and axial planes dip gently with 

trends that vary from E - W to N - S but which are dominantly N - S. 

Figure 8.26: Summary of stereonet analysis of undulations within the 
Karekare Formation. The complete equal area stereonet 
representation is in Appendix 3.10 . 
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Figure 8.28: Recumbent fold in Karekare Formation on the western 

slopes of Puketoro Stream (Locality 3, Figure 8.27). 

SE NW 

Figure 8.29: Simplified equal area stereonet of faults and striations 

x 

N in the Karekare Formation. See 
Appendix 3.11 for a detailed 
coverage. 
/' 

u.~ pole to faul t plane 
o (~ith and indication of 

slip direction) 
Jf = position of striation 

on the fault plane 

• = compression, x = 
intermediate and 0 = tension 
axes 
a b = 

\ \ 
partial great circles 
linking· and oaxes 
for a) conjugate 
fault and 
b) striation. 
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An ' inverted, east~verging fold was measured at Locality 4 (Figure 

8.27). The axial plane has a moderate WSW dip and trends NNW - SSE. 

The fold axis plunges 40oSSW. Both this fold and the fold in Puketoro 

Stream appear to be localised deformations. 

The only faulting detected in the Karekare Formation is restricted to 

the beds belonging to the Arowhanan Stage in Puketoro Stream. A 

reverse fault at Locality 5 (figure 8.27), oriented 0200 /400 E, which 

has upthrown bedding by 30 m, is the only example of its kind in the 

section. Other mesoscopic faults have a normal sense of movement, 

although their dominant sense is strike-slip. They occur downstream 

from the reverse fault and upstream from the regional unconformity. 
. . 

Dextral/(normal} faults are most prevalent and have offset bedding by 

an average of 200 - 400 mm, but rarely exceed 2 m. Some of these 

fractures form conjugate pairs with sinistral/Cnormall faults which have 

slipped 200 - 500 mm. Other dextral/(normal} fault planes contain 

scratch striations. 

Figure 8.29 displays a simplification of the single faults and principal 

stress directions obtained from conjugate faults and striations.* 

* Analysis of stress directions from striations follows the method 

described in section 8.3 b. 
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8.8 STRUCTURES WITH IN THE WHANGAI FORMATION 

The Whangai Formation appears to rest conformably upon Karekare Formation. 

However to the southwest an unconformity, representing a short time span, 

is documented (Isaac 1977; Moore 1978; Speden, in Stevens and Speden 

1978). Nevertheless, structural patterns of the Karekare Formation 

continue into the Whangai Formation. The overall orientation of 

bedding continues to be approximately 0800/300 S, and undulations also 

contain steep NNW - SSE-trending axial planes and fold axes that plunge 

20° - 300S with variable vergence (Figure 8.31). The figure also 

illustrates gentle folds in which axial planes are steeply dipping and 

trend ENE - ~~SW, and fold axes plunge very gently east or west with. a 

weak southerly vergence. This second group is only developed in the 

stratigraphically higher parts of the Whangai Formation. It interferes 

with the undulations described first, to form dome and basin structures 

of mesoscopic to megascopic proportions. 

No faults or striations were detected in most of the Whangai Formation. 

However the upper stratigraphic levels of the formation - "Waingata 

Limestone", siliceous horizon and, to a lesser extent, the Upper 

Calcareous Member - have b.een severely deformed. The deformation is 

well exposed along the Waitahai.a RiYer from Locality 2 to Locality 3 

(Figure 8.31) and along the Mata River from Locality 4 to Locality 5. 

The Waitahaia River section is divided into . blocks which are variously 

rotated by simple sbear along local faults CAppendfx 3.14 a, faults. 

labelled 6a-f, 12, 14,17). In tbis area structures related to NNW -

SSE compressive forces are dominant. They are represented in Appendi~ 

3. 13 a by conjugate faults Oabelled 6a/b., 13f/g} and fractures relate.d 

to conjugate faults (.12, 13a, 13b, 13d, 14) for wh-fch compression and 

tension axes plunge gently NNW and SW respecti·yely, and sheared lozenges: 
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Figure 8.31: Summary of undulations in the Whangai Formation from 

Appendix 3.12. 

I = pole to bedding with younging 
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axi a 1 plane 
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1= fold axis with vergence indicated 

(1, 191, each of which indicate movement of upper surfaces towards the 

south to southeast. A simplified stereonet of these structures is 

9iven in Figure 8.31. Contemporaneous gentle and open folding is 

represented in Appendix 3.14 a (and simplified in Figure 8.33) by folds 

(labelled 3, 7, 8, 9, lIb) in which axial planes are steep and trend 

ENE - WSW. Most folds verge south. This orientation of folds 

equates with a similar pattern found in Figure 8.32. 

Faults and shears (labelled 2, 6f, 8), conjugate faults (15, 17) and 

striations (7a, 7b, 7c, 10 ) in Appendix 3.13 and simplified in Figure 

8.34, belong to an E - W compressional phase. Gentle folds, thought 

to be associated with Hi s pilase, are represented on Figure 8.33 and 

in Appendix 3.14 a by t. hO Sf f olds labelled 1, 2, 4, 6, 10, 12, 13. 

Many of the structur~s ha '2 been rotated by the phase of NNW - SSE 

compression and therefore pre-date the latter. 



267 
f 

Figure 8.32: Equal area stereone t representing some of the faulting 
in the Whangai Formation along the Waitahaia 

described in preceding pages and illustrated 
A p pe n d i x 3. 13 a. 
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Figure 8.33: Equal area stereonet summary of folding in t he Whangai 
Formation along t he Wai t ahaia River. See Appendi x 
3.14 a for de t ails. 
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Figure 8.34: Equal area stereonet representing other fault movements 
in the Whangai Formation along the Waitahaia River, 
described in preceding pages and illustrated fully in 

Appendix 3.13 a. 
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Figure 8.35: Typical pattern of undulations in upper Whangai Formation 

at Y15/56473980 (locality 4) on the Mata River. 
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The other well-exposed section, along the Mata River, has not been 

affected by differential rotation of fault blocks. It exhibits, more 

clearly, the dome and basin undulations first observed in the Waitahaia 

River section (Figure 8.35). Both examples are illustrated in Figure 

8.36. As with previous examples, early folds contain steep NNW - SSE-

trending axial planes with nearly horizontal fold axes. In this area 

an eastward vergence is strongly represented . Axial planes of the 

later phase are also steep but trend ENE - WSW. Fold axes are sub-

horizontal and vengence is variable. No conjugate faults or striations 

were discovered in t his area. Many of the shears were propagated along 

the bedding planes before veering off at an angle of up to 700 to bedding. 

These shears (Figu re 8.37) show an overall movement of upper strata from 

NW to SE and are therefore related to the NNW - SSE compressive phase. 

Bedding plane shear is ubiqui t ous. Other f aults (l abelled la, lb, 7, 

Figure 8.36: Equal area stereonet summary of fol ding i n the Whangai 
N 

U\ 
:"..D 

w 

• = pole to shear plane 

Formation along the Mata River. 
See Appendi x 3. 14 b for det ai l s. 

I = pole to bedding wi t h younging 
shown 

/ = 
/ 1= 

axi al pl ane 
fold axis with vergence 
i ndicated 

Figure 8. 37: Summary of shearing in 
th~ Wha ng ai Formation along the Mata 

Riv er. Not e tha t shea rs are 
general ly at an angle of up to 700 

t o bedd i ng, bu t are some ti mes 
propagated along bedding. Full 
representation appears in Appendix 

3. 13 b as faults labelled 2 to 6 . 

• = pole to bedd i ng plane shear 
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8, 9, 11, 12 in Appendix 3.13 b) cross the bedding at high angles and 

represent the E - W compressive phase, subsequently rotated by the later 

phase. A fault (labelled 10) parallels a more recent major E - W fault 

wbich passes through the region. 

Two sets of cleavages (SI and S2' Figure 8.38) and a mutually perpendic

ular set of veins (V) have been identified in the Whanga i Formation . 

S2 is a moderate to strong stylolite compressional cleavage (following 

the classification by Alvarez et al. 1978) formed during the NNW - SSE 

compression phase. Both the SI cleavage, also a moderate to strong 

stylolite cleavage, and the veins, in which calcite fibres have grown 

up to 2 mm from vein margins towards the centre during dilation, are 

related to the E - W compression, but have variable orientations because 

of later disturbance by the NNW - SSE phase. The amount of material 

lost along the Sland S2 cleavages could not be determined, but shortening 

is characteristically approximately 15 - 35% for moderate to strong 

stylolitic cleavages (Alvarez et al. 19781 . 

Figure 8.38: Summary of styloli t e cleavages (51 and S2) and veins 
along the Waitahaia (al and Mata (b} Rivers. Details 

may be found in Appendix 3.14 a and b. 
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Thus the Whangai Formation exhibits interference patterns which form 

dome and basin structures (Ramsay 1967) together with associated faulting 

formed by E - W compression in a manner similar to, and probably continued 

from, the Karekare Formation. The later phase is more restricted but 

dominant where it exists.. It is only just visible in the lower parts 

of the Whangai Formation as slight buckles, and it does not extend to the 

Karekare Formation. However this phase has severely deformed the 

uppermost strata in the Whangai Formation. All evidence in these 

horizons points to the sliding of material from the north-northwest, 

causing shearing and contortion of the uppermost Wnangai. Most of the 

Wheturau (black) siltstone and smectite clay ("bentonite"). material, 

originally overlying the Wbangai Formation, have been sheared away, 

leaving only isolated pockets of the younger lithologies trapped in the 

cores of folded "Waingata Limestone" and siliceous upper Whangai 

Formation. The shear surface now forms prominent dip slopes of 

regional extent. Tbeir attitudes vary slightly but maintain an overall 

strike of 0700 and dip of 200 SSE. 

El sevJhere on Raukumara Peninsul a sediments of the Whangai Formation 

behave, structurally, in a similar manner to those studied. They are 

relatively undeformed, only flexing gently on a regional scale in the 

Mangaotane area to the Matawai district, where it is has .been. referred 

to as Rakauroa Formation (Isaac 1977; Speden, in Stevens and Speden 1978; 

pers . observ. 1982) . 
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8.9 SUMMARY OF STRUCTURES IN THE AUTOCHTHONOUS nCOVER n DOMAIN 

Both Karekare and Whangai Formations exhibit evidence of compressional 

forces directed approximately E - W. These forces may be the final 

expression of the major E - W compression phase analysed in the basement, 

therefore being post-Ngaterian to post-Teurian in age. The compression 

is expressed by conjugate faults and striations in the Karekare 

Formation and by conjugate faults, striations, sheared lozenges and the 

Sl cleavage Cwith associated veins) in the Whangai Formation. Gently 

folded bedding (with axial planes oriented N - S) in both formations 

are thought to be associated with this phase. 

Superimposed on these structures, but restricted to upper parts of the 

Whangai Formation, are shears, 52 cleavages and south-southeastward 

verging folds which are related t o t he movement of material over these 

cover sediments towards t he south-southeast (refer to Chapter 9). This 

event has removed most of the softer upper Pa l eocene and Eocene 

autochthonous cover once overlying t he Whangai Formation, and must, 

therefore, be dated as post-Eocene. No compressional fea t ures related 

to the event penetrate stratigraphically downwards into lower Whangai or 

Karekare Formations, or into the basement. 

Minor shearing witbin the Karekare and Whangai Formations has resulted 

from more recent E - W-trending megascopic faul t s which are discussed 

in Chapter 10.. 
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Chapter 9 - STRUCTURES IN ALLOCHTHONOUS LITHOLOGIES 

STRUCTURES OF THE ALLOCHTHONOUS EQUIVALENTS OF THE BASEMENT 

9.1 AUTOCHTHON/ALLOCHTHON BOUNDARY 

As already described in the introduction to Part III, the autochthon/ 

allochthon boundary stretches from south of the Mangaotane area to 

Ihungia, before it is offset far to the north by a major N - S-trending 

fault (Figure 7.2). A section of the boundary passes across the 

northern half of the study area (Figure 9.1). It divides the auto-

chthonous '~basement" and "cover" domains to the north (described in 

Chapter 8) from slices of allochthonous material to the south (described 

in this Chapter). 

The boundary is not a clean contact, but is a highly sheared crush 

zone, varying in thickness from over 50 m to less than 1 m. The basal 

shear plane dips approximately 20°5 in the west, along the banks of the 

Waitahaia River. In the Puketoro area it steepens to 500 5, but then 

returns to 200 in Mangaehu Subcatchment. In the Ihungia Catchment to 

the east, the allochthon abuts against the Ngaterian "basement" along 

the steep, ENE - WSW-trending Mangarakeke Fault (~enny 1980, 1984a). 

The sheared autochthon/allochthon boundary is downthrown by the fault 

and is not exposed again in the area. 

The boundary zone is thickest and best exposed along the southern side 

of the Waitahaia River from Locality 1 (Figure 9.1) to Locality 2. 

Elsewhere the contact is often masked by substantial quantities of 

smectite clay material, or by swampy pasture. Along this 1.5 km-stretch 

of the Waitahaia River small streams branch off, and have incised the 

north-facing slopes on the southern side. Outcrops here display at 
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least two highly sheared zones within, and parallel to , the overall 

crush zone . Near the mouths of these streams typical autochthonous, 

gently folded IIWaingata Limestone ll and rare Wheturau (black) siltstone 

lithofacies become more contorted up the sequence . Within each stream 

the lowest shear, dipping about 200 5, separates the autochthonous 

material from up to 20 m of sheared, matrix-supported lozenges of 

contorted Mokoiwi Formation (including Taitai Sandstone Member), 

IIWai ngata Limestone ll
, sil i ceous upper Whangai mudstone, and a sandstone 

resembling that sometimes found at the base of the Whangai Formation . 

Longest axes of the lozenges plunge gently SSE , axes intermediate in 

length are sub -horizontal and trend ENE - WSW (Jigure 9. 2; labelled 

1 - 4 in Appendix 3. 151. The matrix consists of a pale grey mixture 

of highly sheared Mokoiwi Formation and IIbentonite ll smectite clay of 

Fergusson (1985). Striations measured on shear planes indicate a sub-

horizontal NNW - SSE compression and near-vertical extension (Figure 

9.2; labelled 5 - 7 in Appendix 3.151*. A 5 m-thick, ENE - WSW-trending 

Figure 9.2: Simplified equal area stereonet of Appendix 3. 15, showing 

slip directions analysed from lozenges and striations on 
shear planes in the Waitahaia River area . 
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horizon of relatively undeformed Mokoiwi Formation, internally striking 

1700 and dipping 300 E, is surrounded by the shear zone. A sliver of 

"Waingata Limestone" and Wheturau (black) siltstone, up to 5 m thick, 

overlies the sheared material . This is overlain by another shear zone, 

parallel to the first, up to 30 m thick, of severely crushed and deformed 

material, dominantly highly sheared Mokoiwi Formation, but sometimes 

mixed with smectite clay. Striations (Jabelled 8 - 11 in Appendix 3.1S) 

show similar trends to those in the lower shear. The shear is followed 

by allochthonous Mokoiwi Formation, which is described in the next 

section (9.2). 

East of this region the lithologies in the zone become more difficult to 

i denti fy. At Locality 3 (Figure 9.1) a S m-l.ong pod of unsorted, grain-

supported breccia-conglomerate crops out. Boulder and pebble constituents 

include Whangai Formation, Wheturau siltstone, sandstone, chert, greensand, 

grey mudstone and concretions. Bedding fabric is approximately 

0ISo/400 W, in which the longest axes of constituents are about 2200/200 

and intermediate axes about 3100 /400 ( labelled 12 in Appendix 3.1S). 

Lack of sheared or crushed material would seem to indicate that the 

breccia-conglomerate is a sedimentary deposit - a debris flow of 

Paleocene and Eocene litbologies - rather than of tectonic origin. Its 

present position, within the shear zone, is coincidental. 

Along si de this unusual conglomeratic pod i s a sl i ver of chaotic Mokoiwi 

Formation sandstones, each bed of which is O.S - 1 m thick and separated 

by thin mudstones. 

Further east the exact position of the shear itself is not clear because 

of the amount of weathered, crushed Mokoiwi mudstone and smectite clay 
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slumping down the slopes from out of the shear zone itself. The zone 

could be 30 - 50 m wide. Lozenges within the shear zone include intact 

fragments of Mokoiwi mudstone and sandstone, Taitai Sandstone, Te Waka 

greensand, "Waingata L imestone" and sil iceous upper Whangai Formation. 

The only other useful exposure of the autochthon/allochthon boundary is 

found in the lower reaches of Kaikomako Stream. At Locality 4 (Figure 

9.1) gently folded "Waingata Limestone", identical to that described 

nearby along the Mata River, in section 8.8, gradually becomes a 

sheared mixture of the limestone with smectite clay. Sheared Mokoiwi 

Formation is introduced to the shear zone up section, and becomes 

dominant after 20 m. Isolated, intact lenses of Mokoiwi sandstone 

and Taitai Sandstone are occasionally found at this level. Shear 

fabric in this area is roughly 1200 /200 S. A number of striations on 

shear surfaces were measured. Principal stress directions indicate 

two major trends. Striation a in Figure 9.3 (representing striations 

10 and 12 in Appendix 3.16 a) relates to movement on the autochthon/ 

Figure 9.3: Summary of trends seen in striation measurements 

collected from Kaikomako Stream. 

N 

x 

• = pole to plane containing 
striations 

• = compression, x = intermediate 
and 0 = tens i on axes 

partial great circle linking 
• and 0 axes 

slip direction of fault 
plane 

a = striations 10 and 12 in 
Appendix 3.16 a 

b = striations 1 - 9, 11, 13 and 
14 in Appendix 3.16 b. 
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allochthon boundary. The other trend (b) represents numbers 1 - 9, 

11, 13 and 14 in Appendix 3.16 b, and has resulted from more recent 

movement associated with the N - S-trending, vertical, dextral Kaikomako 

Fault (new name) (described in Chapter 10). 50 m up Kaikomako Stream 

from Locality 4, an outcrop of "Waingata Limestone" indicates the 

presence of another shear zone. Bedding in the limestone is oriented 

140o/400 W. It has been rotated clockwise 600 from the average 

autochthonous limestone bedding of 0800 /300 S by the shearing movement. 

Further sheared Mokoiwi Formation, mixed with some smectite clay, is 

exposed beyond the limestone sliver. Striations in this region (labelled 

15 - 19 in Appendix 3.16 a) record similar trends as 10 and 12 in the 

Appendix (striation a in Figure 9. 3). 

A 400 m2 block of "Waingata Limestone" forms part of the autochthon/ 

allochthon boundary in the Mangaehu/Makara Stream mouths region (Locality 

5, Figure 9.1) . Bedding undulates, as is typical for the autochthon, 

but is oriented approximately 1600 /400W - nearby autochtbon bedding is 

about 0800 /200 S. Stylolites and veins also resemble features of the 

autochthon. The whole block has been dislodged and rotated clockwise 

800 in a similar fashion to the 1imestone sliver in Kaikomako Stream. 

When bedding is rotated back to its estimated original position 

(Figure 9.4), the cleavages assume orientations seen in the autochthon . 

Evidence from these exposures along the autochthon/allochthon boundary 

indicates that t he boundary is made up of at l east two southward-dipping 

shear zones. Each zone is made up of mixed lithologies from stra t i-

graphi cally hi gh in the autochthon C"Wai ngata L imestone", Wheturau 

siltstone, smectite clay and Te Waka greensand) and the base of the 

allochthon CMokoiwi Formation, including Taitai Sandstone Member). 



Figure 9.4: Average 51 and S2 cleavages and associated veins after 
800 anticlockwise rotation back to an assumed original 
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position, comparable to the autochthonous material. Full 

coverage in Appendix 3.17. 

N 

v 

Sl = pole to Sl stylolite 
compression cleavage 

S2 = pole to S2 stylolite 
compression cleavage 

V = pole to veins 

Striations on many shear planes demonstrate that the allochthonous 

material has slid over the autochthon, towards the south -southeast. 

Smectite clay (Fergusson 1985) is ubiquitous along the boundary. It is 

no longer in its original stratigraphic position within the autochthon 

- elsewhere it overlies Whangai Formation and Waipawa Black Shale/ 

Wheturau (black) siltstone (Lillie 1953, Dannevirke Subdivision; Kingma 

1966, East Cape; pers. observ., 1982, Whakaangiangi River, East Cape). 

In the study area the soft smectite clay, as well as Wheturau siltstone 

and some "Waingata Limestone", has been removed from the autochthon 

during emplacement of the allochthonous material. Its properties as 

a lubricant have enabled it to ooze through the shear zones and work 

its way into the Mokoiwi Formation. 
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9.2 STRUCTURE OF THE MOKOIWI FORMATION 

The Mokoiwi Formation is exposed along the southern side of the 

autochthon/allochthon boundary, from the Waitahaia River in the west, 

to the Ihungia Catchment in the east (Figure 9.5). It alone occupies, 

and is confined to, the stratigraphically lowest allochthonous sheet. 

These are the oldest (Motuan) lithologies encountered in the study area 

(Chapter 3.1). Early structures are most clearly demonstrated in an 

incised stream (Locality 1, Figure 9.5) in the west of the area, and in 

the IIBlue Slip" (Locality 2, Figure 9.5) in the east (Ihungia Valley). 

Elsewhere these structures are masked by intense cross-cutting shearing, 

caused during emplacement of this allochthonous sheet. They are 

therefore considered to be pre-emplacement in origin. 

9.2 a EARLY FOLDING WITHIN MOKOIWI FORMATION 

The most striking feature of the Mokoiwi Formation is the widespread 

presence of rec lined , congruous, tight to isoclinal folds (Figure 9.6). 

Axial planes of the folds, measured from Locality 1 (Figure 9.5), dip 

approximately 40oSW, and fold axes plunge 200 SSE (Figure 9.7 a). Also, 

axial planes from the "Blue Slip ll (Locality 2) have sub-horizontal dips 

which are variable, and fold axes plunge gently northwest or south 

(Figure 9.7 b). 

9.2 b EARLY FAULTING WITHIN MOKOIWI FORMATION 

Examples of faulting, cut by structures related to emplacement, could 

only be found in the same localities as the isoclinal folding (9.2 a). 

In Locality 1 (Figure 9.5) faulting consists of a series of mesoscopic 
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Figure 9.6: Typical folding in the Mokoiwi Formation, at Locality 1 

( Fig u re 9. 5 ) . 

5 N 

Figure 9.7: Simplified equal area stereonets of folds in the Mokoiwi 

Formation at a) Locality 1 and b) Locality 2. Full 
examples are given in Appendix 3.18 a and b. 

/ = pole to bedding /= axial plane 
with younging 
direction shown N 

( 

\ 

o = fold axis 

N 
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normal (dextral) faults striking approximately 0500
, with variable dips 

towards the southeast (Figure 9.8 a). Offsets range from 50 - 400 mm. 

Two sets of mesoscopic conjugate faults were also measured. 

In the "Blue Slip" (Locality 2) similar mesoscopic normal/dextral faults 

were measured . There seem to be two possible groupings of these faults 

- those that strike northeast and dip steeply southeast, and those that 

strike northwest with moderate northeasterly dips (Figure 9.8 b). 

Bedding plane shear is ubiquitous at all well-exposed localities, where 

shearing during allochthon emplacement has not destroyed all pre-existing 

structures. 

Figure 9.8: Simplified equal area stereonets of faults in the Mokoiwi 
Formation at a ) Locality 1 and b) Local ity 2. Full 

examples are given in Appendix 3.19 a and b. 
1 IA.'= pole to fault plane with 
o direction of slip 

indicated 

N 
a 

D • u 

x 

• = compression axis 
x = intermediate axis 
o = tension axis 

N 
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9.2 c OTHER EARLY STRUCTURAL FEATURES 

Quartz veins are common in the Mokoiwi Formation; they cut across bedding 

at a high angle (Figure 9.9). One example of boudinage exists at 

Locality 1 (Figure 9.5). Individual boudins of sandstone average 0.5 m 

in length and have extended in an E - W direction. Principal axes of 

the boudinage are drawn in Figure 9.9. 

Fault brecciated Mokoiwi Formation material is mapped at Locality 3 

(Figure 9.5) and coincides with an airphoto lineament, running for 1.3 km 

between Y16/51203865 and YI6/52353815. It is then lost under limestone 

scree. It is considered to be an early fault because of the linear 

brecciation and because it is confined to Mokoiwi Formation. The fault 

trends WNW - ESE and, because of its slightly curved trace across the 

hilly terrain, is considered to be dipping more than 800S. Taitai 

Sandstone masses appear to be dextrally offset by as much as 200 m along 

this fault. There is also a small component of normal displacement of 

15 - 20 m. 

Figure 9.9: Summary of Appendix 3.19 a depicting quartz veins and 
boudins in Mokoiwi Formation . 
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Broken formation and crushed Mokoiwi Formation lithologies are exposed 

at Locality 4 (Figure 9.5) in a 10 m-wide zone. It is conceivable that 

this zone is another early fault within Mokoiwi Formation. A vague 

lineament can be traced for 800 m ESE on aerial photographs from this 

locality to Y15/517380, where it also disappears under limestone. If 

the crush zone follows this line, it is parallel to the other fault just 

described. Taitai Sandstone has been offset dextrally by less than 

30 m and has been downthrown to the south (normal) by about 10 m. 

Both faults exhibit dextral/normal displacements, based on Taitai 

Sandstone offsets, which are similar in style (although dissimilar in 

orientation) to the mesoscopic faults described in Localities 1 and 2. 

9. 2 d LATER FOLDING IN MOKOIWI FORMATION 

Disharmonic folds (Hobbs, Means and Wi l liams 1976) are present at 

Locality 1 (Figure 9.5). Unfortunately only two examples are exposed 

low enough in the cliff face to be measured. These two are drawn in 

Figure 9. 10 (labelled 1 and 2). All the disharmonic folds are inclined 

Figure 9.10: Disharmonic folds in Mokoiwi Formation at or near 
Loca 1 ity l. 

N 
pole to bedding with 
younging direction 
indicated 
axial plane 
fold axis with inclination 
included 
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towards the south to ESE. The two folds analysed are representative of 

others seen. Axial planes trend approximately 020° and 0800 and dip 

moderately steeply northwest. Fold axes plunge 50° SSW and 150W 

respectively. Segments of the folds are often displaced by shears 

(discussed in the next section). Another southward-inclined fold was 

measured in the vicinity of Locality 1. Its axial plane dips gently 

NNE and its fold axis plunges sub-horizontally ESE (Figure 9.10, 

labelled 3). 

9.2 e LATER SHEARING IN MOKOIWI FORMATION 

Mesoscopic shears are common throughout the Mokoiwi Formation. They 

are best studied around Y16/561391, Y16/563392 and Y16/564391 in 

Kaikomako Catchment (Locality 5, Figure 9.5), where the streams have 

eroded deep cuts into the material. Shear planes, and striations 

scratched on them (Figure 9.11), are a continuation of the pattern of 

shears measured at the mouth of Kaikomako Stream, near the autochthon/ 

Figure 9.11: Summary of later shearing in Mokoiwi Formation. 

coverage is given in Appendix 3.20. 

Full 
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allochthon boundary (section 9.1; Locality 4, Figure 9.5). Principal 

stress directions are clustered around the same two major trends. 

Stress directions, summarised in Figure 9.11 and labelled a (numbered 

6, 7, 9 and 13 in Appendix 3.20), are associated with the post-emplacement 

Kaikomako Fault (Chapter 10). The principal stress directions analysed 

from the remaining striations (labelled b in Figure 9.11) resemble the 

stress directions measured at the stream mouth - NNW - SSE compression 

and moderate to steep tension. Shear fabric is approximately 0400/200 SE. 

At Locality 1 (Figure 9.5) shears cut the early normal faults (9.2 b) 

and remove sections of the disharmonic folds (9.2 d). The shears are 

sub-horizontal, and in each case the upper surface has moved towards the 

south to southeast (Figure 9.11 c; Figure 9.12). 

9.2 f STRUCTURES IN TAlTAl SANDSTONE 

The Taitai Sandstone is massive and featureless. Bedding planes could 

rarely be seen, and where they are visible they certainly do not exhibit 

the folding and shearing evident in the surrounding Mokoiwi mudstone and 

sandstone. The only structural evidence comes in the form of shearing, 

in a mass of Taitai Sandstone only 0.5 km south the the autochthon/ 

allochthon boundary, at Locality 6 (Figure 9.5). Shear fabric is 

Striations plunge towards the SSE. Principal 

stress directions resemble directions established from tbe Mokoiwi 

Formation - compression is horizontal NNW - SSE and extension is vertical 

(J igure 9.l3). 

Lack of visible structures is perhaps unusual for the Taitai Sandstone. 

Northeast of this area, in the Tapuaeroa Valley (containing the type area 
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Figure 9.12: Sheared disharmonic folds within the dominant recumbent 

folding of the Mokoiwi Formation at Locality 1 (Figure 

9.5) . 

N 

Figure 9.13: Equal area stereonet of a shear in Taitai Sandstone at 

Locality 6 (Figure 9.5). 
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for Taitai Sandstone Member), Speden (1976) has found that Taitai 

Sandstone is - "sometimes complexly folded into crumpled series of 

steeply dipping isoclinal folds " - (Speden 1976, p95), and that the 

sandstone masses - Mt Aorangi, Mt Wharekia and Mt Taitai itself -

are folded into broad open synclines. 

fracturing is common . 

Internal shearing and 

Microscopically, the Taitai Sandstone is deformed cataclastically to 

a microbreccia and is crossed by anastomosing microshears (AU 38808). 

This microstructure has developed to a greater degree in the Mt Taitai 

area (Gibson, 1985). 

The boundary between Taitai Sandstone masses and the enclosing Mokoiwi 

lithologies is now a sheared contact i n t he Wai t ahaia Catchment. At 

prese~t it is t hought (Speden 1976) t hat t he Taitai Sandstone Member 

is a channel f ill deposit within edge-of-shelf to upper-slope Mokoiwi 

Formation; but because Taitai Sandstone is more competent than 

surrounding Mokoiwi material, it has apparently acted somewhat 

independently during regional deforma t ion. Therefore it is probable 

that the hypothetical original ?sedimentary contact has been destroyed 

by the differential shear movements. The highly sheared zone around 

Taitai blocks extends outwards into tbe Mokoiwi Formation for some 

metres. The zone is wider for larger masses. 

9.2 g ANALYSIS OF STRUCTURES WITHIN MOKO IWI FORMATION 

Tight-to-isoclinal folds developed in the Mokoiwi Formation before 

shears related to emplacement affected the area (see cross-cutting 

relationships documented in 9.2 a - e). Folding characteristics are 
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very similar to the close-to-isoclinal folds that developed in the 

Ngaterian Waitahaia Formation autochthonous IIbasement ll , in the dominant 

phase of N - S-trending structures - except that the allochthonous 

Mokoiwi Formation folds differ markedly in orientation. The reader wi 11 

recall that the axial planes of the upright "basement ll folds are 

approximately vertical (trending N - S), and that fold axes plunge 200 

- 300 SSE. Folds in the t~okoiwi Formation are tilted on to their side, 

with nearly horizontal axial planes and fold axes. Folds at Locality 1 

(Figure 9.1) have a north-northeast to northeast facing direction. 

The folds are postulated to have formed in conditions equivalent to 

those folds analysed for the IIbasement ll . To test this hypothesis, folds 

f rom the two areas where measurements ·were recorded (Local ities 1 and 

2, Figure 9.5) were rotated back, around various axes, to what is 

assumed to be their original position. Each of t he groups of measure-

ments was treated separately, because the present fold attitudes differ 

from eachother. Fold measurements for Locality 1 (Figure 9.5) were 

rotated clockwise for 25 0 and steepened t owards the east by 600
; those 

for Local i ty 2, northern branch of the IIBl ue Sl i pll , were rotated 300 

clockwise and steepened by 700 towards the west, and for the southern 

branch 600 anticlockwise rotation and steepening by 300 towards the west. 

These individual rotations bring axial planes to a vertical, N - 5-

trending orientation, and fold axes to a plunging position of 100 -

300 5 to SE, in each case. No common axis of rotation gave an acceptable 

result. The variances in rotation imply that there is a fault somewhere 

between the two main branches of the IIBlue Slipll, but it is not visible 

in the field. 

Pre-emplacement faults were repositioned using the same experimental 

rotations. Individual and conjugate faults then conform to the pattern 
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of E - W compression observed in fault analysis of the Itbasement" 

(section 8.3 b). 

Quartz veins have developed along planes under tension. The same 

rotations place the planes in a moderate-to-nearly horizontal orientation, 

where expansion would have taken place vertically, perhaps in response to 

strong E - W compression. 

Principal stress directions, analysed from boudins, have also been · 

tested, but rotations give a new (presumed original) position which is 

inconsistent with boudins measured in the autochthonous Itbasement lt
• 

However. once they are rotated again (about the strike) to eliminate 

the effects of isoclinal folding, the boudins assume their original 

orientation within horizontal bedding. Extension, then, was directed 

E - ~j, as seen in the earl iest deformations in the autochthonous 

Waitahaia Formation. 

The younger sub-horizontal shears cut across structures described above. 

Scratch striations on the shear surfaces indicate a south-southeastward 

movement of upper strata. Disharmonic folds, interpreted as structures 

developed during emplacement of the allochthon, verge in roughly the 

same direction - a direction which is consistent with structures within 

the crush zones along the autochthon/ a 11 och.thon bounda ry. Therefore 

shearing and disharmonic folding have occurred within the isoclinally 

folded Mokoiwi sheet, as well as its base, during its emplacement in a 

south-southeast direction . 

Taitai Sandstone masses were present within the Mokoiwi Formation while 

the latter reacted to the various phases of deformation. However, the 

greater competence of tbe sandstone seems to have prevented it from 
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being deformed in the same way, or to such a degree. It has moved 

independently to the surrounding Mokoiwi material. The original contact 

(sedimentary or otherwise) has been sheared during the isoclinal folding 

phase, and again during emplacement of the allochthon. Other shearing 

episodes have probably taken place during deformations which are not 

recognised in the Mokoiwi Formation in this region. 

The question about when folds in the Mokoiwi Formation became tilted 

sideways remains to be resolved. There are three choices - before, 

during or after emplacement of the formation in the allochthonous sheet. 

The third possibility must be ruled out because shears and folds, 

formed during emplacement and not rotated, cut the isoclinal folds. 

The second choice could possibly be disregarded for the same reason. 

The experimental rotations only show simple methods for upright, N - S

trending folds to tilt to nearly horizontal, with most axial planes 

trending about NW - SE. These merely demonstrate that, using a 

stereonet, it is possible for the folds to assume orientations resembling 

those seen in the autochthon. But in reality, it would be much more 

complicated spatially, for upright folds to follow these paths of 

rotation during emplacement in an allochthonous sheet (Boyer and Elliott 

1982; see discussion, section 9.10). It is possible, however, that the 

three blocks studied, together with an unknown number of otber blocks 

throughout the Mokoiwi Formation, broke apart into those blocks and 

subsequently were jostled into slightly different orientations, during 

emplacement. 

The final possibility - that the Mokoiwi Formation was already rotated 

somewhere else, before emplacement - is the only other likely explanation. 

The only well known occurrence of Mokoiwi Formation lithologies elsewhere 
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is found to the north-northeast of the area, in the Tapuaeroa Valley 

(for location refer back to Figure 8.21). Here the formation is also 

structurally complex and does include isoclinal folding (Speden 1976); 

but it has yet another different overall orientation, and is not close 

enough in structural style to be considered a likely source for the 

material in question (D. Gibson, University of Auckland, pers. comm., 

1984). Other considerations which also rule out this area as a likely 

source, are that it ;s itself allochthonous (Speden 1976), and that it 

does not lie along the NNW to SSE slip direction measured from striations 

in the Waitahaia area. 

The most likely source area for the Mokoiwi Formation lies along the 

slip direction, at an unknown distance to the nortb-northwest of 

Waitahaia. This region is mountainous and covered in thick bush. It 

remains largely unexplored and is poorly understood geologically. A 

recent reconnaissance towards this region (Moore et al. 1984) has 

indicated that Waitahaia Formation continues to outcrop as autochthonous 

IIbasementll 6 km to the north of the Waitahaia area, in Waingakia River, 

and 7 km to the WNW in Ruatahunga Stream (refer back to Figure 8.21) . 

Mokoiwi Formation is incorrectly shown to outcrop in these areas by Pick 

(1962 a,b), Kingma (1965) and many others. Autochthonous lithologies 

become progressively older northwestwards, towards the western coast of 

Raukumara Peninsula (Suggate et al. 1978; Speden, in Stevens and Speden 

1978) and it is expected that rocks resembling Mokoiwi Formation, of 

Motuan (and possibly Urutawan) age, form part of this progression. 



294 

9.3 STRUCTURE OF THE ALLOCHTHONOUS WAITAHAIA FORMATION 

As well as occupying the whole of the autochthonous IIbasement li in the 

Mata/Waitahaia area, the Ngaterian Waitahaia Formation is found in an 

allochthonous sheet, which overlies the sheet containing Mokoiwi Formation. 

The sheet extends from the Owhena area in the west (Y16/476362), eastwards 

to the vicinity of Whakoau (Y16/511367). It reappears in the Ihungia 

Catchment, about 2 km northeast of tbe Ihungia Station homestead. It 

is bounded to the north by the lowest allochthonous slice and to the 

south by overlying sheets (Figure 9.14). 

Isolated windows of Ngaterian sandstones and mudstones, which resemble 

Waitahaia Formation, are exposed in some streams flowing south to the 

Mata River in the vicinity of Owetea Station (eg. Locality 1, Figure 

9.14). They are mentioned briefly in Chapter 3.2, but are of littl e 

use structurally, except t hat they supply a number of striation 

measurements for slip direction determination. 

The most useful exposures outcrop from Locali t y 2 to Loca l ity 3 (Figure 

9.14) on the Takapau - Waitahaia Road, which follows a prominent ridge 

west of Whakoau, and along the branch road (Locality 4) . Unfortunately, 

located as they are, on exposed hilltops, the outcrops are weathered and 

more difficult to interpret than the fresher Mokoiwi Formation. 

9.3 a EARLY FOLDING 

Reclined , tight-to-isoclinal folds continue to be a dominant feature of 

the allochthonous Waitahaia Formation. However they seem to be more 

disrupted, and floating fold hinges are very common. Also the folds, 

as they plot on the accompanying stereonet (Figure 9.15 and Appendix 

3.21), form a less "tidy" pattern compared to the equivalent stereonets 



50 
~ rive rs and st reams _=" _ roads 

D 
area occupied by 
allochthonous 
Waitahaia Fo nTla tion 

{gently dipping 
~lunconformable contac t. 
~ low-ang le shear contact . 
_(dominant megascopic hi gh-

Langle faults. 
1 2 etc local ities mentioned 

• in the text 

35 

1950000 

o 

III 
) 
CD 
III 

) 
CD 

III 
ri-

" ....... 
lO 
C 
) 
CD 

\.0 

~ 

.Po 

rr1 
X 
c-t 
CD 
::l 

III ....... c-t 
::l 0 
0.. ::l o 

-t, 
~ 
CD 

VI 
::r 

VI -0 
c-t 

c-t 
::r 
CD 

CD 
) 
::l 

...... 
::r 
c 
::l 

lO 

~ 
....... III 
c-t 
::r 

o 
c-t () 
::r ::r 
CD c-t 

....... lO 
::r 
o 
::l 
o 
C 
VI 

III 

n 
CD 
o 

III 0 
c-t lO 
() '< 
::r 

~ 
III 

3 
CD 
::l 
c-t 

o ....... 
-t, c-t 

III 
c-t ::r 
::r III 
CD ....... 
) 
CD 
VI 
c-t 

III 

" o 
~ 

o III 
-t, c-t ....... 
c-t 0 
::r ::l 
CD 

VI 
ri
C 
0.. 
'< 

III 
::l 
0.. 

....... 
c-t 
VI 

N 
\.0 
U"l 



296 

Figure 9.15: Equal area stereonet summary of folds in allochthonous 
Waitahaia Formation. See Appendix 3.21 for details. 

N __ = pole to bedding with 
younging direction 
included 

'" = axial plane 
o = fold axis 

axial plane of 
undulating 
bedding 

axial planes of tight-to-isoclinal folds 

for the Mokoiwi Formation. Axial planes of the tight-to-isoclinal 

folds dip rather gently in all directions (Figure 9.15). Fold axes 

(plunging less than 300
) and facing directions for the folds are also 

variable. 

Undulations in the bedding further complicate the picture. These 

open-to-gentle folds are more ordered than the isoclinal folds, with 

axial planes grouped around NW - Sf trends, and fold axes plunging less 

than 200 NW or SE (~nd once SSW; see Appendix 3.21). 

9.3 b EARLY FAULTING 

Faults that are cut by structures asso~iated with emplacement are 

difficult to find in the weathered, disrupted material. Shears, almost 
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parallel to bedding, each with reverse separation, but with unknown 

offsets, occur at Locality 5 (Figure 9.14). Reverse faults with 

offsets greater than 2 m were found at Locality 4. Both sets of faults 

are shown in Figure 9.16. 

Broken formation, defined in section 8.5, is present at most exposures. 

It is not possible to determine whetber this disruption formed prior to 

emplacement or during transportation. 

Figure 9.16: Pre-emplacement reverse shears in allochthonous 

Waitahaia Formation. 

o • u 

9.3 c BOUDINAGE 

N 
• = pole to fault planes at Locality 

4 (Figure 9.14) 
0= pole to fault planes at Locality 

5 (Figure 9.14) 

Boudins were only seen at Locality 4 (Figure 9.14). N - S extension 

and sub -vertical compression are indicated by their orientation. 

9.3 d LATER FOLDING 

Folds which cut the above structures range from gentle undulations to 

tight folds. All conform to a pattern of steep axial planes trending 
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NE - SW and fold axes plunging approximately 200 SW (Figure 9.17). Some 

folds show a vergence towards the southeast. 

9.3 e LATER FAULTING 

Faults which cut early structures are easier to find and interpret than 

the older faults just described. Conjugate faults and striations on 

shear planes indicate a general NNW - SSE compression (Figure 9.18). 

Single mesoscopic normal faults, also shown in Figure 9.18, are envisaged 

to conform to the regime displayed by the principal stress directions. 

Figure 9.17: Summary of later folds in allochthonous Waitahaia 

Formation. 
N 

Full details in Appendix 3.22. 

/= pole to bedding with 
younging direction shown 

axial plane 

fold axis with vergence 
shown 

Figure 9.18: Summary of conjugate faults, striations and single faults 
associated with emplacement of the Waitahaia Formation. 
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In restricted localities of Owetea Stream (Localities 1, 6 and 7) 

tributaries have cut their way through overlying allochthonous sheets 

to expose windows of the allochthonous Waitabaia Formation. Striations 

scratched on this material display a strongly developed NNW - SSE 

compression (Figure 9.18). 

9.3 f ANALYSIS OF ALLOCHTHONOUS WAITAHAIA FORMATION 

Allochthonous Waitahaia Formation shows closest affinities to the 

thi nner-bedded sequences withi n the autochthonous "basement" despite 

being more disrupted. However the isoclinal folds in this allochthonous 

sequence are tilted in a similar manner to those in the Mokoiwi Formation, 

having gently dipping axial planes and fold axes. And as in the Mokoiwi 

Formation, the folds are postulated to have had near-vertical N - S

trending axial planes in their original autochthonous orientation. 

A trial rotation was carried out for the allochthonous Waitahaia 

Formation folds. A rotation of 400 clockwise and a steepening of 700 

eastwards was necessary to Dring the various, disrupted attitudes back 

to some resemblance of the N - S-trending autochthonous "basement". 

This rotation is close to that required for repositioning the Mokoiwi 

Formation nearest the allochthonous Waitahaia Formation - at Locality 1 

(Figure 9.S) where 250 clockwise rotation and 600 steepening eastwards 

was necessary . 

The earliest recognised faults, boudinage and broken formation have been 

included in the same experimental rotation as the isoclinal folds. 

Fractures then take on attitudes not unlike the steeply dipping, N - S

trending, reverse faults seen in the dominant phase in the "basement" . 
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Principal stress directions for the boudinage example must undergo 

further rotation to eliminate the effects of isoclinal folding on the 

original bedding. 

Younger faults, shears and striations are parallel to structures described 

in sections 9.1 and 9.2 g which developed in response to emplacement of 

material towards the soutb-southeast. Folds. and undulations of the 

same age have formed by NW - SE-directed shortening probably also 

during the emplacement. 

Both in the allochthonous Waitahaia Formation and the Mokoiwi Formation 

tbe same set of events appears to have taken place. Slip directions 

for the Waitahaia Formation are identical to those measured in the 

Mokoiwi Formation and indicate emplacement from the nortb-northwest. 

In selecting a possible source area for the Waitahaia Formation, the same 

difficulty arises. In the explored regions to the north-northwest, 

autochthonous Waitahaia Formation retains the overall N - S-trends· 

and steep axial planes as the "basement" in t he Mata/Waitahaia region 

(Moore et al. 1984). North and northwest of tbis area, th.e unexplored 

terrain in which possible autochthonous Mokoiwi Formation is hidden 

Csection 9.2 g), also conceals and Waitahaia Formation which would have 

provided a suitable source area for the allochthon. 

Tilting of early structures in the allochthonous Waitahaia Formation 

must have occurred prior to their emplacement or by progressive rotation 

during emplacement. Again, the rotation used for this lithology is 

very simple, but as explained for the Mokoiwi Formation, it would be 

more complicated in reality. 
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The similarity of trial rotations required for the Mokoiwi Formation 

at Locality 1 (Figure 9.5), and for the Waitahaia Formation along the 

roads immediately to the south (Localities 2 - 5, Figure 9.14), indicates 

that these areas may have been in some way related in pre-emplacement 

times. 
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9.4 DISCUSSION OF ALLOCHTHONOUS MOKOIWI AND WAITAHAIA FORMATIONS 

It has been estimated from numerous striations and other evidence, that 

both the Mokoiwi Formation and Waitahaia Formation sheets have been 

emplaced from the north-northwest. It has also been established that 

both formations had undergone a considerable amount of sideways tilting 

before emplacement. A suitable source area to the north-northwest of 

the study area, which has been tilted, has not yet been discovered, but 

it is certain that appropriate structures do not exist within at least 

7 km of the Waitahaia River, in directions from north through to west. 

It has been mentioned (section 9.3 f) that tbe trial rotation to bring 

Mokoiwi Formation at Locality 1 (Figure 9.5) into a similar orientation 

to the autochthon structures is comparable to the rotation required for 

the allochthonous Waitahaia Formation, and tbat the two formations may 

never have been far apart. It is conceivable that they orig~nally 

formed part of a continuous sequence of (?Urutawan) Motuan (Mokoiwi 

Formation) to Ngaterian (Waitahaia Formation) lithologies which were 

isoclinally folded by the same E - W-directed shortening seen in the 

"basement" at the present time along the Mata and Waitahaia Rivers. 

Later these rocks are thought to have been affected by local rotation 

which transformed steep axial planes to nearly horizontal. 

There are three possible mechanisms for emplacement. The simplest 

hypothesis is that a portion of the rotated material broke away and was 

emplaced en masse south-southeastwards into the Waitahaia area. The 

second possibility is that a portion broke away, then split into two 

blocks or sheets during transportation; and the third choice is that 

a block of Mokoiwi Formation broke away first, followed by a block of 

Waitahaia Formation, which came to rest on top of the Mokoiwi sheet. 
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To make a decision, it is necessary to study the boundary between the 

Mokoiwi and Waitahaia Formations more closely. The exact contact is 

not exposed, but it is thought to follow a narrow , subtle levelling out 

of the slope profile, along which ponds and swamps are common. 

approximately 100 - 200S. 

It di ps 

For each of tbe three hypotheses the formations have been tilted at the 

same times tFigure 9.19). The first possibility then requires the 

emplacement of some of the tilted lithologies into the Waitahaia area. 

No matter how the lithologies were initially tilted on to their side, a 

subsequent or accompanying simple movement would ensure that overturned, 

isoclinally folded Mokoiwi Formation would be juxtaposed beside (horizont

ally) the similarly deformed Waitahaia Formation in the allochthon. 

However, an isoclinally folded sedimentary contact would imprint a 

complicated pattern as it intersected with topography. It would not 

create the sharp, planar, sub-horizontal contact seen in the field, nor 

would it initiate the development of swamps at a constant height across 

the hillsides. Therefore the first hypothesis should be eliminated. 

Figure 9.19: Diagrammatic representation of folding of Mokoiwi and 
Waitahaia Formations, followed by simple rotation to 
juxtapose the formations horizontally. 

Waitahai a 
Formation 
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A mechanism must be found, which juxtaposes the two formations 

vertically, as is found in the field, and which separates them along 
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a sharp, planar boundary. Therefore the contact cannot be isoclinally 

folded along with the sediments. A sub-horizontal shear between the 

formations would solve the problem. A proposed shear may follow the 

line of swamps (along the 620 m contour west of Locality 8, Figure 

9.14) and would dip 100 
- 200 S according to evidence. The orientation 

of the shear parallels the orientation of crush zones along the 

autochthon/allochthon boundary (section 9.1), and it is conceivable 

that this contact is another crush zone, but is of considerably less 

magnitude. 

Assuming that the Mokoiwi Formation and Waitahaia Formation are 

separated by a shear zone and that the shear zone is related to 

emplacement of the allochthonous sheets, t hen the second and third 

hypotheses become likely possibilities. Evidence could not be found 

to determine which of the two choices are most likely - differential 

shearing during transportation (second hypothesis, Figure 9.20 a) or 

completely separate movements, with Mokoiwi Formation sliding first 

(third hypothesis, Figure 9.20 b). However, the second hypothesis 

is favoured because the nature of the contact, which is a thin, 

insignificant zone, concea l ed except for a line of swamps. It is 

suggested that shear movement between the formations was not great 

and probably took place during emplacement, close to where the two 

sheets eventually came to rest. 
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Figure 9.20: Two possible mechanisms for emplacement of the Mokoiwi 
and Waitahaia Formations. See text for details . 
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STRUCTURES BETWEEN THE MOKOIWI/WAITAHAIA FORMATION DOMAIN 
AND THE IHUNGIA FORMATION DOMAIN 

A mixture of Upper Cretaceous to Oligocene lithologies, belonging to the 

Whangai Formation and Mangatu Group, covers a large area within the 

Whakoau Stream and middle Mata River Catchments (Figure 9.21). Detailed 

field mapping has demonstrated that it consists of thin slivers or 

slices, each usually made up of only one lithological unit, structurally 

overlying allochthonous Waitahaia Formation. At many localities older 

units are seen to overlie younger units (Localities 1 and 2, Figure 9.21). 

9.5 STRUCTURES IN UPPER CRETACEOUS - PALEOCENE LITHOLOGIES 

Lithologies include younger units of the Whangai Formation, as well as 

Tikihore Formation, and Wheturau siltstone, Mangatu siltstone and Te 

Waka greensand lithofacies of the Mangatu Group (see Chapter 4). Their 

structural complexities are difficult to decipher because they only 

constitute thin, veneer-like sheets which are parallel to the pasture

covered dip slopes (illustrated in most cross-sections, in the back 

pocket). Hence unweathered exposures which cross the structural grain 

are rare. 

Sheets containing these lithologies are dominant in the vicinity of 

Puketoro Station (around Locality 1, Figure 9.21) and in the catchments 

of Whakoau, Hauturu (Locality 3} and Owetea (Locality 2) Streams in the 

west of the area. Isolated pods of undifferentiated Whangai Formation 

are also present north of the Mata River, north of Pouturu Station 

(Localities 4 and 5, Figure 9.21}. 
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9.S a FOLDING 

Gentle undulations are ubiquitous where bedding can be determined. 

Siliceous shales and "Waingata Limestone" from the upper parts of the 

Whangai Formation and associated pockets of Wheturau lithofacies often 

resemble, structurally, their counterparts in the nearby autochthon 

(sections 8.8 and 9.1). Tikihore Formation and Mangatu Group CMangatu 

siltstone and Te Waka greensand) sh0w similar patterns of undulations, 

but they cannot be compared because equivalent autochthonous lithologies 

no longer exist. These undulating folds are not unlike those found in 

allochthonous material at Mangatu (Black 1980; pers. observ., 1982). 

Three localities, each within upper Whangai Formation, give an 

indication that rec lined folding has also taken place. The best 

examples occur at Locality 6 (Figure 9.21). Reclined folds, with 

axial planes dipping approximately 300W - WSW and fold axes plunging 

about SO - 200 SW - SSE, verging E - SE, and another group plunging 10oW, 

verging south (Figure 9.22), have been superimposed upon typical 

undulations described above (~ndulations are refolded around the 

re c \ i ned f old s ) . 

At Locality 7 (Figure 9.21) rec lined folds have axial planes dipping 

lSoE, and fold axes plunging 100 E and verging south (Figure 9.22). At 

a third locality (Locality 8), tight folds were measured; no pattern 

of folding could be seen and therefore the example given in Figure 9.22 

is not characteristic of others in the vicinity. 
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Figure 9. 22: Summary of rec lined folds in allochthonous material 
of Upper Cretaceous to Paleocene age. Full 
representation can be seen in Appendix 3.24 a and b. 

N 
/= pole to bedding 

with younging 

/= 
direction indicated 
axial plane 

- ... I 

yf= fold axis with ... , , vergence shown , 
, \ 

b, aI, a = Local ity 6 
, .;) , (Figure 9.21) 

...:. a b = Locality 7 c 
/ 

~ 
c = Locality 8 

b, a ........ 

Figure 9. 23: Summary of conjugate faults i n Tikihore Formation (a), 
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9.5 b FAULTING 

Faults and shears are only v.isible in the Tikihore Formation - shearing 

is prevalent in the mudstone beds, while faults (usually conjugate) cut 

across the bedding (Figure 9.23 a). There is insufficient information 

available from the scarce examples to determine similarities or 

differences, or rotations, among allochthonous blocks of Tikihore 

Formation. 

Few striations were seen in the Upper Cretaceous - Paleocene lithologies. 

In Appendix 3.25 (summarised in Figure 9.23 b) their orientations form 

a grouping of compression axes plunging approximately 300 - 400 NNW - NNE. 

At Locality 6 in Whakoau Stream (Figure 9.21) a first phase of faults 

consists of reverse or thrust shears (some having a sinistral component) 

witb shallow dips towards the WNW. A later group (which cuts the first) 

consists of normal faults dipping steeply south (Figure 9.24). The 

reverse shears are consistent witb other areas which resulted from \ 

movement during emplacement of the allochthonous slices. The younger 

normal faults are parallel to a post-emplacement megascopic fault which 

passes througb this locality and may be related to it. 

Figure 9.24: Summary of two phases of faulting observed in upper 

N Whangai Formation at Locality 6 (Figure 9.21) 

w o 
o 

Details in Appendix 3.26. 
~~= pole to fault plane with 

o movement indicated - older phase 

ucP= pole to fault - younger phase 
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9.5 c DISCUSSION 

The study area contains, within ' the Upper Cretaceous - Paleocene 

allochthonous slices, associations of 1) alternating sandstones and 

mudstones of the Tikihore Formation and "Waingata Limestone~ siliceous 

shale and calcareous shale of the upper Whangai Formation; 2) the same 

upper Whangai lithologies, and Wheturau lithofacies (black siltstone); 

3) Mangatu siltstone and Te Waka greensand . In the first association 

Tikihore Formation (Teratan - Haumurian) and upper Whangai Formation 

(Paleocene) are often sheared together in the same sljvers. Possible 

reasons for these features are as follows:-

i) a lateral facies change at their source (although this is unlikely 

because of the age discrepancy between the parts of the two 

formations represented); 

ii) shearing of the two together during some form of syn- to post

emplacement deformation (this option is also unlikely because, in 

my opinion, it is too coincidental for this type of shearing, 

always between these lithologies, to have taken place at so many 

localities); 

iii) juxtapos i tion by faulting at the source. This last possibility 

seems to be the most logical because it incorporates two acceptable 

ideas - faulting in the source area during a period or periods or 

instability, and ability of the faulted lithologies to retain their 

juxtaposition during transportation. 

The second association is found in isolated localities, for example at 

Locality 2 (Owetea Stream, Figure 9.21) and between Localities 3 and 7 

(east of Hauturu Stream), where Wheturau siltstone is encased in folded 

pockets of upper Whangai lithologies. This is an identical situation 

to that found in the uppermost strata of the autochthon, where pockets 

of Wheturau siltstone are trapped beneath the allochthonous mass. It 
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is therefore assumed that this association represents sJivers plucked 

from the autochthon during movement of the allochthon. 

In the third association, slivers of Te Waka greensand are always found 

immediately under slices of Mangatu siltstone. The contact is poorly 

preserved "everywhere in the study area, but is mapped as a possible 

sheared contact. 

The Mangatu and upper Waipaoa River Catchments, approximately 20 km to 

the southwest of the Mata/Waitahaia area, contain an assortment of 

lithologies similar to those discussed above, but they do not group in 

the three sets of associations. The lithologies here are also thought 

to be allochthonous (Moore 1981; R:R. "Moore, New Zealand Geological 

Survey, pers. comm., 1982; pers. observ., 1982), although there is some 

dispute over this hypothesis (Black 1980, 1981). Te Waka greensand and 

Mangatu siltstone lithofacies ~nd other Mangatu Group lithologies of 

Paleocene age not represented in the study area) conformably overlie 

Upper Cretaceous Tikihore Formation, but t he sequence is inverted so 

that now Tikihore Formation is on top. Wheturau siltstone is 

faulted or sheared into place within the Mangatu Group; its true 

stratigrapbic position is thought to be above Mangatu siltstone. No 

Whangai Formation is associated with any of these lithologies at Mangatu. 

In other words, the black siltstone (Wheturau lithofacies) is present 

as a marker horizon in both areas, but is associated with upper Whangai 

Formation at Waitahaia and Ma~gatu Group at Mangatu. 

The relationship between Mangatu siltstone and Te Waka greensand poses 

a problem. In the study area, wherever Te Waka greensand is exposed, 

it is positioned topographically beneat~ Mangatu siltstone. However, 
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at Mangatu (Black 1980) Te Waka greensand is fault-bounded and the exact 

stratigraphic position is not known, although it has been assigned a 

Teurian age, from one microfaunal locality. It has been considered to 

be stratigraphically higher than Mangatu siltstone, which has variable 

microfossil dates ranging from Teratan to Waipawan. Indicators of 

younging directions could not be found in either lithology at Waitahaia 

or Mangatu . From this problem three possibilities can be put forward:-

i) the position of Mangatu siltstone and Te Waka greensand lithofacies 

in the stratigraphic column for the Mangatu region is incorrect 

(although basal Mangatu siltstone is known to be Haumurian to 

Teurian) and is therefore probably just stratigraphically lower than 

?Teurian Te Waka greensand; 

ii) the two lithologies are now somehow overturned in the study area, 

but remained in conformable association during the implied 

deformation; 

iii) the siltstone and greensand represent separate slices which were 

emplaced into the Waitahaia region, independently of eachother, 

and are now juxtaposed along a sheared contact, or were imbricated 

at the source. 

The first choice is unlikely to be correct, but more accurate dating 

is required before precise stratigraphic positions can be calculated. 

No mechanism has yet been found in the study area to account for the 

overturning required for the second alternative . 

This leaves the third explanation as the most feasib le. Unti l 

further evidence comes to light, it is necessary to accept the 

information from the Mangatu region, which suggests that Te Waka 

greensand is younger than Mangatu siltstone. In the Waitahaia area 
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it is conceivable that the stratigraphy has been reversed by the process 

of diverticulation (Lugeon 1943) which has been postulated for 

Northland (Ballance and Sp6rli 1979). 

Apart from the ubiquitous undulations, structures are hard to find in 

all the Upper Cretaceous - Paleocene lithologies exposed in the study 

area. Faults and striations are too scarce to be useful here, except 

at Locality 6 (Figure 9.21), where shears show emplacement in that 

particular bJock was from the northwest. 

Recumbent folds, formed in upper Whangai Formation, show that the 

allochthonous slices containing the folds have been emplaced from a 

variety of directions. Evidence from the autochthon/allochthon 

boundary (section 9.1), within Mokoiwi and Waitahaia Formations in the 

allochthon (sections ' 9.2 - 9.4) and throughout the sheared materials 

enclosing blocks in the allochthon (section 9.9), shows emplacement 

from the NW - NNW sector. The variation in the upper Whangai folds 

implies variation in their respective slices. This variation could be 

caused by:-

i) emplacement from many directions into the Waitahaia area; 

ii) shuffling around of the lithologies during the latter stages of 

emplacement; 

iii} post-emplacement deformation causing rotation of slices with respect 

to one another; 

iv) pre-emplacement deformation which initiated recumbent-type folding 

(this implies that recumbent folds were not formed during 

emplacement, but they still post-date the undulations). 

The first possibility is unlikely because it is too coincidental for 
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slivers of identical upper Whangai lithologies, among such a diversity 

of Upper Cretaceous - Paleocene material, to slide into a basin, from a 

number of different directions. As mentioned previously, there is no 

evidence from the Waitahaia area for a horizontal rotational style of 

deformation, required for the third choice, occurring after emplacement 
~ 

of the decollement. The same applies to the fourth possibility -

autochthonous upper Whangai Formation in the region (section 8.8) does 

not exhibit recumbent folding prior to decollement movement. 

The only viable alternative is the second suggestion, where recumbent 

folds formed during initial decollement, then, following a possible 

break-up of the sheet, individual blocks rotated around approximately 

vertical axes during the latter stages of emplacement. However there 

is another possibility involved in the second suggestion. Most 

exposures of allochthonousWhangai material are identical to exposures 

of the same lithologies in upper strata of the .autochthon (section 8.8), 

except that the allochthon is more weathered, and recumbent folding is 

occasionally present. Undulations are ubiquitous; pockets of Wheturau 

(black) siltstone are trapped in folds of Whangai in just the same 

manner as along the autochthon/allochthon boundary (section 9.1). One 

could imagine that older structunes, including the undulations, formed 

together in an autochthonous region. It is also possible that while 

still autochthonous, the lithologies underwent deformation as an 

allochthonous sheet passed across them, removing much of the soft 

Paleogene cover, but leaving Wheturau siltstone trapped in deformed upper 

Whangai lithologies (Figure 9.25). Emplacement of the Mokoiwi and 

Waitahaia sheets (section 9.4) at this time would suit the hypothesis. 

At a later time further tectonism may have caused par:t of the upper 

autochthon strata to become detached and emplaced as another allochthonous 

sheet upon the Mokoiwi and Waitahaia sheets (Figure 9.26). During 
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Figure 9.25: Model illustrating deformation of upper layers of the 
autochthon by emplacement of an allochthonous mass above 

it. Note existing undulating strata, then the removal 
of most of the Paleogene sediments by the d~collement. 

(Scale in hundreds of metres) 
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Figure 9.26: Model showing detachmen t of deformed upper autoch t hon 

strata to form an allochthonous sheet above t he Mokoiwi 
and Wai t abaia allochthonous ma t erial. (Scale in 

kil ometres) 
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emplacements the sheet broke into blocks which were shuffled around 

before coming to rest. This would explain the recumbent folds and 

prominent shear planes witbin some of the allochthonous Whangai 

F.onnation. 

This hypothesis includes the first indication that more than one period 

of emplacement may be involved in the d~collement. Multiple episodes 
,-

of decollement have been proposed by Stoneley (1968) in the 

Maungahaumi a a rea (30 km SSW of Wa itaha i a) and by Kenny (1980, 1984) in 

the Ihungia Valley. The Ihungia Catchment is an eastern extension of 

the study area and contains a similar collection of lithologies. 

Thus we are left with two alternatives associated with suggestion ;; 

(page 314). 
,-

Either these lithologies were part of one large decollement, 

or they were emplaced separately upon an earlier decollement. Whichever 

the case, the lithologies broke up during transportation and were rotated. 

Sparse information from Tikihore Formation and otber Paleocene lithologies 

in the study area does not assist analysis. 
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9.6 STRUCTURES IN OPOSSUM CREEK SANDSTONE LITHOFACIES 

The shear-bounded, slightly northward-dipping sheet of Opossum Creek 

sandstone lithofacies is located around the mid to lower Opossum Creek 

area (Locality 1, Figure 9.27), along a limited stretch of the Mata 

River (Locality 2, Figure 9. 27) and in a sliver across mid Kaikomako 

Catchment (Locality 3). Bedding dips 300 
- 400 W on average, but 

gentle or open folds were recorded at several localities (Figure 9.28). 

9.6 a FAULTING 

Faulting is difficult to find in the massive sandstone exposed in the 

middle reaches of Opossum Creek, at the southern extent of the 

lithology (Locality 1, Figure 9.27}. Lineations, thought to be joints, 

are offset on a centimetre scale by faults filled with calcite (Figure 

9.29, labelled a); two fault couples are conjugate. Near the mouth 

of Opossum Creek (Y16/57463939) extensional faults, which propagate 

either side of a conjugate fault (Figure 9.29, labelled b), have each 

offset bedding by 50 - 100 mm. 

Faults are far more abundant along the Mata River outcrops of Opossum 

Creek sandstone (.from Yl6/57373950 to Yl6/57553942; Local i ty 2, Fi gure 

9.29) . They are most commonly characterised by development of 

slickensides in calcite within the fault plane. These slickensides 

have been used to measure slip directions of the faults. Other faults 

do not contain calcite, and unless they can be seen to offset bedding 

their slip directions cannot be measured. Both varieties have been 

divided into seven phases according to cross-cutting relationships and 

fault characteristics, and are represented in Figures 9.30 and 9.31. 
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Figure 9.28: Summary of gentle folding in the Opossum Creek sandstone. 
N Details drawn in Appendix 3.27. 

/= pole to bedding with younging 
direction indicated 

/ = axial plane 

o = fold axis 

Figure 9.29: Summary of faults mapped in Opossum Creek, in Opossum 

• 0 o. 

Figure 9.30: 
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N Creek sandstone. Detai 1 s drawn 

'''0 in Appendix 3.28. 
D .= pole to fault planes u. 0= pole to fault planes which are 
0 filled with calcite 

a = I:.oca 1 ity 1 (F i g u re 9. 27) 

b = mouth of Opossum Creek 

Summary of each of the seven phases of faulting observed 
along the Mata River (Locali ty 2, Figure 9.27). 
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Figure 9.31: Three dimensional model of part of the outcrop 
of Opossum Creek sandstone at Locality 2 (Figure 9.27). 

cliff 

f 
= slickensided faults 

- direction of sl t £kensiding 
I .. shown by arrow 

, - numeral indicates phase to 
• which fault is assigned 

bedding 

1 = faul t offsets 
where slickensides 
are not present 

Slickensides -were also observed in a fault-bounded sliver of Opossum 

Creek sandstone crossing the mid-Kaikomako Catchment area (Figure 9.32). 

Two sets of cleavages, always found together, can be traced for only 

short distances on the rock platform in the Mata River near the waters 

edge (but not closer to the cliff) . Both sets are steeply dipping with 

strikes approximately 900 apart; the strikes vary appreciably from one 

locality to the next (Figure 9.33). The cleavages are seen to be cut 

by faults assigned to the seventh phase, but were not observed in cross-

cutting relationships with any other phases. One set of planes is an 

extensional parting cleavage and is sub-parallel to many of the faults, 

especially in phases 2, 3, 6 and 7. The other set is a moderate 
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stylolite cleavage (using classification of Alvarez et al. 1978), 

seemingly unrelated to any of the faults . 

9 . 6 b ANALYSIS AND DISCUSSION 

The Opossum Creek lithofacies is of Oligocene age - far younger than the 

lithologies of Cretaceous and Paleocene age described in previous 

structural sections - and has apparently not experienced the deformations 

which have affected these older lithologies. Gentle folds are cut by 

many small-scale faults which are demonstrated along the Mata River. 

The division into seven phases of faulting can be studied in Figures 

9.30 and 9.31. Principal stress directions are moderately variable but 

the approximate 300 
- 600 SE compression and 100 

- 600 NW tension axes in 

phases 2, 3, 4, and to some extent 6 and 7, are clearly visible. 

Phases 1, 5 and some of 6 are inconsistent with these trends. Principal 

Figure 9. 32: Summary of slickensided veins in Kaikomako Catchment 
(Locality 3, Figu re 9.27 ) , within Opossum Creek sandstone. 
Details in Appendi x 3.28. 
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Figure 9.33: Equal area stereonets illustrating position of cleavage 
planes in Opossum Creek sandstone along the Mata River. 

C = pole to compressional 
stylolite cleavage 

E = pole to extensional 
parting cleavage 

N 

Figure 9.34: Principal stress directions from conjugate faults 

in Opossum Creek sandstone . 
N 
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~ , 
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x o • 
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,7 

£.1.£= pole to fault plane 
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stress directions from conjugate faults along Opossum Creek (Figure 9.34, 

labelled a and b) may equate with phase 4 or 6. Principal stress axes 

from slickensides in Kaikomako Stream are similar in orientation and 

slip direction to the second or sixth phase (Figure 9.32). 

, 
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Although a division into 7 phases has been instituted, it is difficult 

to accept that so many similar deformations took place along sub-parallel 

fault planes with many compatible principal stresses. It is understood, 

from sheared material surrounding Opossum Creek sandstone (section 9.9), 

that -the sandstone blocks were emplaced with slices of other lithologies, 

from somewhere in the north-northwest. Perhaps it is more sensible to 

explain faulting within the sandstone blocks by envisaging some sort of 

small-scale jostling mechanism of sandstone slivers during transportation. 

However the average compression and tension stress directions are not 

close enough to correspond convincingly with stresses that should be 

measured in a rock having undergone emplacement from the north-northwest. 

To account for this, it is necessary to consider that the blocks bave 

probably experienced some degree of retation during decollement. Also, 

the whole Opossum Creek block now dips approximately lOON owing to 

subsequent regional refolding (ihapter 10). The faults in the Opossum 

Creek sandstone lithofacies do not relate to any adjacent mesoscopic 

structures (Chapter 10), and were not perceived to be caused by any 

other phenomenon. Therefore we are left with the possible situation 

that structures within the Opossum Cree~ sandstone could have been 

formed and rotated during emplacement. These phenomena are also known 

to have affected other slices in the decollement (section 9.5). 

The two sets of cleavages, seen only near the waters edge (probably not 

as a result of restriction by geological processes but rather because 

the rock is slightly damp in this region and cleavage cracks are high

lightedl, demonstrate tbat:-

1) cleavages are cut by the fault and crush zone assigned to the 

hypothetical seventh phase, implying that these two faults, at least, 

were formed after development of the cleavage; 
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2) poles to the stylolite (compressional) cleavage planes do not 

adequately correspond to compression axes of the slickensided faults; 

nor do the poles to the extensional cleavage planes correspond to 

extension axes of the same faults (any matching of points is merely a 

result of the spread of points of both stress axes and poles to 

cleavage planes); 

• 

3) the stylolite cleavages are still compatible with compression within 

a mass undergoing strain during an emplacement from the north-northwest, 

however this is still unacceptable because the accompanying extension 

cleavage planes have formed under E - W sUb-horizontal tension. The 

vast majority of tension axes plunge nearly vertically in deformations 

known to have been caused during emplacement from the north-northwest 

(r efer t o many stereonets in previous sections). The typical situation 

and the ex t ension cleavages at this locality do not agree, therefore the 

cleavages were formed during another unknown deformation. 
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9.7 STRUCTURES IN WHAKOAU LIMESTONE LITHOFACIES 

Large sheets of argillaceous micritic Whakoau limestone occur in the 

areas shaded in Figure 9.35. They rest, with sheared contact, on a 

m~]ange of Upper Cretaceous and Lower Tertiary material (section 9.9). 

The contact dips regularly 150 SSE (parallel to the northern slopes of 

the Mata River/Wbakoau Stream systemL over most of the area covered by 

limestone, but forms a gentle, E - W~trending, anticlinal structure to 

dip 070 N along the limestone1s northern margin (refer to cross-sections 

in back pocket). This structure belongs to more recent megascopic 

undulations which are described in Chapter 10. 

A prominent sub-horizontal shear surface is present on the western side 

of Whakoau hill itself, a few metres above the level of the Takapau-

Waitahaia Road. The shear can be traced around the northern, eastern 

and southern sides of Whakoau by small slips and zones of pugginess. 

It almost parallels the lower shear contact with underlying material, 

and separates an upper Whakoau limestone sheet from a lower, more 

extensive Whakoau limestone shee t. A 300 m-long, 100 m-wi de lens of 

brown sandstone is trapped within the shear, between the two limestone 

sheets, at Locality 1 (Figure 9.35) on the western slopes of Whakoau. 

Thin slivers of limestone are involved in shear zones in the underlying 

rrfel ange and wi 11 be di scussed in secti on 9.9. 

9.7 a BEDDING AND CLEAVAGE 

Closely spaced, anastomosing cleavages are well developed in marly 

argillaceous limestones (Alvarez et al. 1978; Sp6rli 1982). Whakoau 

lithofacies is such a limestone, and penetrative deformation in the 

form of three stylolitic cleavages is confined to the limestone sheets. 
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Figure 9.35: Extent of t he allochthonous Whakoau limestone lithofacies, 
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study area. Simple equal area stereonets are superimposed 
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Hand specimen and microscopic examinations on one set of cleavages 

( AU 38914 ) show that it is a wispy, finely anastomosing, 
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0.1 - 0.5 mm-wide, stylolitic cleavage, often concentrating into major 

surfaces 0.5 - 3 mm wide and 15 - 35 mm apart, from which a characteristic 

flagginess develops. Bedding, expressed by lenses of fine grained 

sandstone with disseminated glauconite, is not common, but is known to 

be parallel to the set of cleavage described above everywhere it exists. 

It seems that bedding (labelled SO) has been extenSively worked over, 

probably diagenetically, by the cleavage (now referred to as Sl). 

Sl in all Whakoau limestone exposures generally dips less than 45 0
. 

Some of the limestone blocks have more of a tilt in one direction, for 

example southwards in the Kaikomako Catchment block (Locality 2, Figure 

9.35), eastwards in the Link Road/Owetea area (Localities 3 to 4), and 

northwards in the lower sheet south of Whakoau (Locality 5). Gentle 

undulations, which form shallow dome and basin structures, are ubiquitous. 

Axial planes have variable trends and are sub.-vertical; fold axes are 

sub-horizontal (Figure 9. 36 .a). Small kink folds are present on the 

northern slopes of Whakaou; some verge northwest, others verge southeast. 

An attempt was made to eliminate the effects of the anticline at Whakoau 

Trig, by rotating out tilts of 0900 /070 N and 040o/150 SE in the upper 

The c;,anges in 

the stereonet patterns were minimal, so the reorientations were abandoned. 

A very wispy, complexly anastomosing, strong stylolitic cleavage 

(nomenclature after Alvarez et al. 1978), S2' has an average spacing of 

7 - 20 mm and cuts the ~lightly weaker Sl cleavage wherever the two come 

into contact (Figure 9.36 b) . Each S2 surface is 0.1 - 0.5 mm thick, 
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rarely up to 1.5 mm thick, and is filled with clay and sheared calcite 

( AU 38914 ). Despite this relationship t he amount of shortening 

on S2 cannot be determined. According to Alvarez et al. (1978) strong 

stylolitic cleavages typically shorten the host material by 24 - 35%. 

S2 undulates to the same extent that Sl does, and is in fact folded by 

the same phase that folded the Sl cleavage (Figure 9.36 a; Figure 9.37 a 

and b). A third cleavage, S3' has developed parallel to the axial planes 

of folds in Sl and S2 (Figure 9.36 a). At most other exposures S3 is 

sub-parallel to the axial planes of Sl or S2 (compare Figure 9.38 with 

Figure 9. 37 a and b). Microscopic analyses confirm that S3 post-dates 

Sl and S2' However cleavages recorded as S3 at Localities 2 and 9 

(Figure 9.35) do not correspond in the same manner. Although they are 

still younger than S1 and S2' they are instead parallel to axial planes 

of megascopic synclines in those areas wh i ch do not belong t o the same 

fold system as the undulations. As t hese two regions also contain 

small-scale undulations, i t would seem tha t t beir accompanying S3 cleavage 

was overlooked. Another S3 cleavage was measured at Locality 2 but this 

does not correspond satisfactorily with either fold systems. S3 

cleavage is not related to the axial plane of the regional anticline 

mentioned earlier. 

The typical S3 cleavage is 0.;1 - 0.3 mm thi.ck, wHh a fine spacing of 

3 - 10 mm. It is a weak to moderate stylolitic type, much weaker than 

S1 or S2 and is not normally anastomosing. The rather damped tooth 

f orm is . typical of weaker stylolitic cleavages described by Alvarez et 

al. (j978 t . Unfortunately many of the S3 cleavages, as well as Sl and 

S2 surfaces, have become planes of weakness used by l ater shearing, and 

have lost much of their structure. Shortening along S3 could not be 
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Figure 9.36 a: Interrelationships of S1' S2 a ~ d S3 cleavages at 
Locality 6, Figure 9.35). Note that axial planes of 

\ 

S2 cleavage 
cuts 

bedding (SO/S1) 

51 and 52 are both parallel to 53 cleavage. Cleavage 
spacings are much closer than drawn, but wavelengths are 
approximately correct. (traced from a field sketch) 

NNE WNW 

S3 cleavage j 
cuts 

bedding (50/S1) 

Figure 9.36 b: S1 and S2 cleavages i n a slab of Whakoau l imes t one. 
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Figure 9.37: Summaries of gentle folding of a) Sl (SO) and b) S2 
cleavages. Full diagrams in Appendices 3.30 and 3.31. 

0= pole to cleavage plane I = axial plane 0 = fold axis 

(Note the similarity of axial plane positions in stereonets a and b) 

N 

Figure 9.38: Summary of S3 cleavages. 
o = pole to S3 cleavage 

N 

o 0 

f a 

o 
o a 
e 

o d o 
b 

N 

Full details in Appendix 3.32. 
a = Locality 2 (Figure 9.35) 
b = Locality 5 
c = Locality 6 
d = Locality 7 
e = Locality 8 
f = Local ity 9 

estimated . 53 is never seen to be folded, but it is apparent from 

Figure 9.38 that it varies between adjacent limestone blocks. Both 

52 and 53 cleavages are usually steep to sub-vertical. 
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9.7 b VEINS AND SHEARS 

All exposures of Whakoau lithofacies are extensively veined and sheared. 

The frequency of veins is consistent in the upper and lower limestone 

sheets, but more emplacement-related shear veins occur near the top and 

base of the lower sheet, and the base of the upper sheet (no upper 

contact is known). A wide range of vein thickness exists within milli-

metre limits, and vuggy calcite accumulations are common. 

The veins are divided into three groups:

i) Tensional veins 

Microscopic examination reveals that most of the veins are composed of 

broken and disrupted, partly recrystallised, sparry calcite crystals. 

In these cases, oriented thin-sections divulge no more information than 

can be obtained from hand-lens examination of oriented hand specimens. 

Few veins display the microscopic calcite growth fibres expected in 

veins (Durney and Ramsay 1973; Ramsay and Huber 1983). The rare 

calcite fibres observed in thin-section have developed in a pure shear 

regime, syntaxially (from the vein walls towards the centre of the vein ) , 

and perpendicular to the plane of the vein. 

i;l Sheared veins 

Shearing along already developed tensional veins (type i above) is 

extremely common in Whakoau limestone and may explain the disrupted 

nature of the calcite along the veins. Up to this point, most shear 

displacements in the Cretaceous and Lower Tertiary lithologies have been 

assessed using stepped scratch striations (section 8.3 bl. Scratch 

striations have also been found in Whakoau lithofacies, but they are 

very uncommon. Striations in the limestone are most frequently the 

result of a development of stepped calcite growth fibres parallel to the 
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surfaces, known as slickensides (Tjia 1972; Ramsay and Huber 1983). 

The slickensides have been recorded and transferred to stereonets 

(Appendix 3.33 a and b) following the same method used for scratch 

striations ldescribed in section 8.3 b), in preference to the method 

advanced by Sparli and Anderson (1980) in which principal stress axes 

are not shown directly. 

The sheared veins have been divided into three groups according to 

whether their slickensided surfaces demonstrated movements corresponding 

to known slip directions of pre-, syn- or post-emplacement structures. 

Most slickensides related to syn-emplacement have formed on low angle 

shears, in many cases paralleling pr.e-existing surfaces, including veins 

and undulating Sl and S2 planes lFigure 9.39). In other situations 

shearing has disturbed the cleavage planes (Figure 9.40). Synthetic 

and antithetic normal and reverse shears, themselves slickensided, are 

also associated with some emplacement-related shear veins (Figure 9.41). 

Slickensided veins with dips less than 450 (an arbitrary value between 

horizontal and vertical) were selected as those most likely to contain 

stepped fibres related to horizontal transport, envisaged to be due to 

allochthonous emplacement. The directions of these fibres are plotted 

in Figure 9.42. The figure indicates a tendency for movement of upper 

surfaces, determined from fibre growth patterns, towards the southeast. 

Generally the principal stress axes for slickensides associated with 

emplacement plot in similar stereonet positions to striations from other 

allochthonous lithologies - compression axes trend roughly NW - SE and 

tension axes are steep (see Appendix 3.33 b on sheared and striated syn

emplacement veins). 
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Figure 9.39: Development of slickensides on the underside of a folded 

Sl plane. Steps indicate movement of illustrated block 
towards 1200

. (traced from field sketch at Locality 
10, Fig u re 9. 35) 

100 mm 

SSE NNW 

Figure 9.40: Emplacement-related shearing (possibly flexural slip) 

along Sl cleavage which has folded S2 cleavage. 
(traced from field sketch at Locality 11, Figure 9.35) 

300 mm 
I I 

SSE NNW 

Figure 9.41: Emplacement-related low angle shear with associated 
synthetic (S) and antithetic (A) normal and reverse 
shears. (traced from field sketch at Locality 3, 
Figure 9.35) 1 m 

NNW ~S A~ 
S 

~ ~ 

/s ----
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11 
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Figure 9.42 : Percentages of directions of all slickensided veins, 

dipping less than 45 0
, in Whakoau limestone (based on 

120 measurements). 
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Figure 9.43 : Post-emplacement sheared veins around Locality 9 
(Figure 9.35} . 
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Sheared veins of a second group (post-emplacement) are restricted to the 

vicinity of Locality 9. They are illustrated on Figure 9.43 but 

orientations and slip directions show that they are probably associated 

with the more recent NNW - SSE-trending sinistral fault (western Whareone 

Fault} wnicb passes within 50 m of the locality, and as such they will 

be described in Chapter 10. No other large scale faults are represented 

by smaller scale shears in the limestone. 

A third group of sheared veins comprises all the pre-emplacement sheared 

veins cut by emplacement-related structures, and therefore are most 

likely to bave formed in the Whakoau limestone while it wi,ths'tood stresses 

in its source area. The various orientations (Appendix 3.33 a} do not 

form any strong patterns or similarities from one block to the next, or 

between adjacent outcrops. The majority show normal separation; more 

tend to be sinistral than dextral; some (especially those across the 

northern face of Whakoau, upper sheet} display no obvious sense of 

movement at all, although they are apparently sheared. Most of these 

veins were formed before the development of the S3 cleavage as tnese 

veins were folded during the same phase which. produced S3 and folded S1 

and S2' Examples were also found of some veins having formed prior to 

the reorganisation of S1 from SO' between the development of Sl and S2' 

and after the formation of S3 (shortly before, and possibly interrupted 

by, emplacement}. Some veins haye orientations perpendicular to S2 and 

are thought to be due to the same stress regfme. 

Features typical of these vein arrays are illustrated in Figure ~.44 a 

to d. 
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Figure 9.44 a: Illustration of 

curvature of veins into 
bedding and subsequent folding 

of veins, bedding and S2 
cleavage. (traced from field 
sketch at Locality 2, Figure 

9.34) 

E 

Figure 9.44 b: At least two stages 

of vein development represented; 
also lobe with splay, vuggy S 
calcite in vein thickening, 
pervasive S3 cleavage. (traced 
from field sketch at Locality 9) 

Figure 9.44 c: Drag folds in 
bedding caused by reverse 
shear. Cut by normal shear 
almost parallel to bedding. 
Both shears accompanied by 
slickensides. (traced 
from field sketch at Locality 
8) 

Figure 9.44 d: Slickensides 
on a folded plane; indicate 
a phase of dextral shearing. 
(traced from field sketch at 
locality 200 m west of 
Loca 1 ity 8) 

SE 

1 m 

100 mm 
I 

1 m 

100 mm 
I I 

NW 

W 



iii) Tension gashes 

Tension gashes or fissures (Beach 1975) are a form of tensional vein 

~iscussed in section 9.7 b:i) which have developed at an angle to a 
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shear plane or zone. They appear in Whakoau limestone as millimetre-

to centimetre-long, en-echelon, calcite-filled fissures, always 

associated with sheared veins with normal separation, which, at various 

localities, have been gently folded along with other veins and the 51 

and 52 cleavages. 

Tension gashes in the limestone illustrate both positive and negative 

forms of dilatation (Ramsay and Huber 19831, although the negative form 

is more common. With maximum stretch oriented at an angle (ex) to the 

shear zone, en-echelon tension gashes will form in early stages of 

deformation perpendicular to the stretch (Rispoli 1981), at an angle of 

90 - <X to ,_ the shear zone. En-echelon fissures generally make angles 

of less than 450 to the shear in examples of positive dilatation, and 

angles of more than 45 0 accompanying shears involving negative dilatation 

(Figure 9.45). 

Figure 9.45: Orientations of tension gashes in simple shear zones with 
a) positive dilatation and b) negative dilatation. 
--03- = long axi s of strain ell ipse. 
(5implified from Ramsay and Huber 1983, pSO) 

1 1 

a) bl. 

I ~ 

~ \ 3 
\ 
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Figure 9.46 a: Negative dilatation 
(angle 500) en-echelon tension 

gashes associated with a normal 

fault. (traced from a field 
sketch at Locality 12, Figure 

9 . 35) 

1 m 

Figure 9.46 b: Negative dilatation (angle 750 ) 

tension gashes between two normal 

sheared veins. Also shown here 

is S3 cleavage apparently 
unaffected by deformation which 

warped bedding; vuggy calcite 
growth in void caused perhaps by 
sigmoidal distortion of another 

tension gash; partial use of 
bedding planes by vein. (traced 

from field sketch at Locality 7) 

Figure 9.46 c: Positive dilatation 
(angle 200 ) tension gashes associated 

1 m 

NW 

with normal sheared veins. Veins, 

bedding and tension gashes all 

involved in gentle fold. (traced 
from field sketch at Locality 6) 

Figure 9.46 d: Positive dilatation (angles 150 

100 mm 

-----

- 300 ) vein arrays developing from main shear 
veins along bedding. 

vein 

V. 
$,' - .., 

SE 
Main veins curved 
into bedding before 

everything affected 

by gentle fold. 
(traced from field 
sketch at Locality 

11) 
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Examples of tension gashes showing positive and negative dilatation in 

Whakoau limestone are illustrated in Figure 9.46 a to d. The stretch 

or extension directions of the tension gashes are drawn in Figure 9.47. 

Their extension axes plot in similar positions on the stereonets as 

dilation-associated tensional veins. 

Figure 9.47: Extension directions of tension gashes, plotted on an 

equal area stereonet. 

a = tension axis 
N 

o 
o 

o 

o 

9.7 c MODEL FOR TIMING OF DEVELOPMENTS OF CLEAVAGE AND VEINS 

Relationships of bedding and cleavages with veins during the history 

of Whakoau limestone lithofacies is best portrayed by way of the 
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following diagram:-

at 
< source 

l extensional veins l 

~ stylolitic cleavage (Sl) II 

developing along bedding 
~ (Sl = So) i 

,--------~~--~ 

lextensional veins l 

~ anastomosing stylolitic 
~ cleavage (S2) 

extensive veining accompanied by ,I 
tension gashes. Veins occasionallY I 

form along Sl and S2 cleavages 

gentle undulations folding all the 
above, and producing S3 cleavage 

parallel with axial planes 

almost unlimi t ed sheari ng along veins; 
rare extensional vein development \ L-________________ .-______ ~ ____ ~ 

110W-angle shearing with associa ted slickenside growth I 

Whakoau { 
area 

regional faulting and I 
anticline (Chapter 10) 



9.7 d BROWN SANDSTONE SLIVER 

Poorly exposed examples of brawn sandstone are occasionally observed 

resting witb unconformable (probably sheared) contact upon the lower 

sheet of Whakoau limestone lithofacies (eg. Y16/519352, Y16/525356, 

Y16/528361). However it is only on the western side of Whakoau 
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itself that structural features of the sandstone can be seen in detail. 

It exists here as a thin sliver wedged, with sheared contacts, between 

the upper and lower limestone sheets, above the Takapau - Waitahaia 

Road (Locality 1, Figure 9.35). 

A vague lineation within the massive sandstone components gives the 

lithology a fine flaggy appearance which equates with bedded constituents 

dipping regularly 500 NNE (see stereonet of brown sandstone in Figure 

9.35) . A number of low angle striated normal faults dipping south 

and a conjugate fault set, in a riedal shear pattern (Tchalenko and 

Ambraseys 1970) (Figure 9.48 a) indicate strong sub-borizontal NW - SE 

extension (Figure 9.48 b). Striations indicate that movement was 

towards the southeast and are therefore probably related to emplacement. 

Calcite veins up to 5 mm thick have developed on all pre-emplacement 

surfaces. 

Clastic dikes of material similar to the brown sandstone have intruded 

at least 300 minto tbe upper sheet of Whakoau limestone. They are 

well exposed at Locality 1 (Figure 9.35) and undulate, but are never 

ptygmatically folded like clastic dikes in the autocbthonous Waitahaia 

Formation "basement" (section 8.1 bl. 
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Figure 9.48 o a: Disruption of bedded sequence in brown sandstone 

sliver at Locality 1 (Figure 9.35). 

N 

2 m 

sandstone 

sheared mudstone 
. . . . 

s 
0- _ ----

__ - I 

.- .. 

Figure 9.48 b: Stereonet analysis summary of faults in the brown 

\ 

sandstone. Details in Appendix 3.34. 
N 

x 

x 

~ 
, .. -~ 

J>. 

~ 
u 

u.= pole to fault 
D 

~ = position of striation 
on plane 

• = compression, x = intermediate 
and 0. = tens i on axes 

a b 

\ \ 

\ 

= partial great circles 
linking • and 0 axes for 
a) conjugate faults and 
b) striations 
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9.7 e DISCUSSION 

The upper and lower limestone sheets, seen at Whakoau itself, are 

composed of identical limestone, but they are separated by a shear plane. 

There are four suggestions to explain this:-

- the upper and lower sheets had different sources but were emplaced 

into the Whakoau area 1) at the same time or 2) separately (at 

different times); or 

- the sheets had the same source 3) but were emplaced separately into 

the same region or 4) they were emplaced as one block and were sheared 

near or within the Whakoau area. 

At some stage during the movement slivers of brown sandstone were 

trapped between the limestone sheets, or maybe the sandstone was 

deposited between the sheets. A source area somewhere to the northwest 

(direction determined from slickenside analysis , Figure 9.42) has 

eroded away, thus eliminating any chance to compare the present 

limestone/limestone or limestone / brown sandstone relationships. It 

can only be estimated that the sandstone at source was originally:-

a) beneath the limestone which is now the upper sheet; 

b) above the limestone which is now the lower sheet; 

c) not related or not present at source and incorporated into the 
/ , 

decollement ,en route to Whakoau. 

It is also not clear at which stage in the history of the limestone 

the sandstone dikes were intruded into the upper sheet, as no direct 

projections from the brown sandstone beds were discovered. 

Veining is extensive throughout the limestone, but no consistent pattern 

could be found either within or between blocks - note the spread of 

points in Appendix 3.33 a and b. Bedding is more regular and easily 

interpreted, although it undulates throughout. It can be estimated 
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from bedding (Figure 9.35) that the limestone blocks were not rotated 

to any great extent during emplacement. This also indicates that S2 

and S3 cleavages have remained approximately in thei-r pre-emplacement 

positions during transportation. 

Lack of an existing source area also makes attempts at analysing the 

three cleavages difficult. It is only known that the youngest of the 

three, cleavage S3' parallels axial planes of the gentle undulations 

which have folded Sl' S2 and most veins. It is thought that the 

cleavage probably formed- at this time. 

Similarly, the significance of the multitude of veins throughout the 

limestone is lost through lack of an autochthonous comparison. The 

presence of veins indicates that the material behaved in a brittle manner 

( Be a c h 1977). The occasional unsheared vein retains perpendicular 

calcite growth fibres; the uncurved nature of these fibres suggests that 

incremental strains being applied to the limestone during pre-emplacement 

vein dilations were constant and consistent for each vein. Extension 

perpendicular to veins (dilation) intimates that a certain amount of 

"jacking up" of the limestone bas occurred during its history. Since 

the veins pre-date emplacement, extension must have taken place while 

the material was still within the autochthon. 

From sparse evidence it seems that calcite vein fibres were abte to grow 

at the same rate as dilations of the veins. Unfortunately the high 

incidence of shearing and recrystallisation along the veins prevents 

identification of vuggy calcite crystals in voids caused specifically by 

faster vein dilation, where fibre growth was unable to keep pace. 
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(Calcium?) carbonate solutions which precipitate in the veins are 

probably local in origin. They may have been derived from carbonates 

in the limestone which were dissolved along stylolites during compaction 

(Rispoli 1981; Geiser and Sansone 1981) and subsequently dispersed 

through veins. It is conceivable, then, that stylolite cleavages S1' 

S2 and S3 developed in response to the same group of principal stresses 

which induced vein dilations. Contemporaneous evolution could be 

confirmed on a microscopic scale at the intersections of cleavages 

with veins, but again later shearing has destroyed any possibility of 

this. 

Extensive vein development normally implies high pore pressures resulting 

from rapid loading during deposition, burial and compaction (Rubey and 
~ 

Hubbert 1959; Price 1975), tectonic forces, or perhaps in a decollement 

repository area (Mazengarb 1982). High fluid pressures cause hydraulic 

fractures to form (Beach 1977, 1980), which are then filled by the 

calcareous fluids. 

Since there is no evidence that the Whakoau limestone lithofacies, while 

still autochthonous, sustained any allochthonous overburden, the origin 

of the veins must be explained by normal pressures present within the 

autochthonous sedimentary pile (of unknown thickness), or by as yet 

unsolved, possibly tectonic, forces operating in the autochthon at the 

time. Presumably the existence of brown sandstone dike intrusions into 

the limestone is complementary evidence for excess pore pressures, but 

as already stated, the timing of these intrusions is not known. 

The only argillaceous limestones of a similar age (Oligocene l and 

appearance to the Whakoau limestone are the Mahurangi Limestone and 
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Wainui Siltstone (Waterhouse 1966; Carter 1969) and Pokapu Limestone 

(Hay 1960) of Northland. Their structural details are very poorly 

documented in the literature, but Whyte (1982) notes that the Mahur.angi 

Limestone contains strong to very strong stylolitic cleavages and dip

slip shears with normal separation. These features are also typical 

of Whakoau lithofacies. An interesting aspect observed by Whyte, but 

unverifiable at Whakoau (through lack of suitable sedimentary structures), 

is that the Mahurangi Limestone is completely overturned. 
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9.8 STRUCTURES IN THE HAUTURU GREENSAND LITHOFACIES 

The Hauturu lithofacies is restricted to a small allochthonous sheet 

approximately 1 km south of Whakoau Trig (Locality 1, Figure 9.49). 

It lies approximately parallel to the southward-dipping slopes of the 

area and is sheared between Whakoau limestone lithofacies above and 
/ 

melange or allochthonous Waitahaia Formation below. Bedding dips 

300 
- 35 0 ESE but is only clearly visible at Locality 2 (Figure 9.49) 

in the otherwise massive greensand. Elsewhere regularly spaced, 

glauconite-rich lenses, less than 1 mm thick, oriented 1400 /60oSE 

(average) may represent bedding; or they could be manifestations of a 

pervasive pressure solution cleavage (Beach 1977; Geiser and Sansone 

1981) where carbonates have dissolved out, leaving concentrations of 

glauconite behind. 

The eastern and southeastern sides of the greensand sheet, near the 

lower contact, display a number of calcite veins, some of which are 

slickensided"and a small conjugate fault pair (Figure 9.50). 

Slickensided veins are nearly all identical to those seen in the Whakoau 

limestone nearby, and are attributed to emplacement of the sheet, again 

from the northwest. The other veins are very minor and are grouped 

together with sub-vertical attitudes and WSW - ENE trends. Dilation 

of the veins, perpendicular to the vein walls (Durney and Ramsay 1973), 

and therefore represented by the poles to the veins on the stereonet 

(Figure 9.50), corresponds to the extension axis of the conjugate fault. 

The planes of the lenticular concentrations of glauconite do not conform 

to bedding, measured in the northwestern corner of the greensand sheet, 

or to the upper and lower sheared contacts of the greensand. If they 

are, in fact, a pressure solution cleavage, the compression inducing the 

cleavage will be perpendicular to the cleavage plane (Beach 1977; Geiser 
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Figure 9.50: Summary of structures in the Hauturu greensand lithofacies. 

Details in Appendix 3.35. 

N • = compress ion, x = intermediate 
and o = tensi on axes 

/= pole to bedding with younging 
direction indicated 

u~j= pole to fault plane with sl i p 

x o 

D direction shown 

o = pole to veins 

I = position of striation on 
fault plane 

~ = pole to lenses of glauconite 
concentration 

a b = partial great circles 
\ . .linking. and Ll axes of 

a) conjugate fault and 
\ b) striation 

and Sansone 1981). Compression axes are then represented by the poles 

to these planes on the stereonet (Figure 9.50). Their plots are 

discernably close to the compression axis obtained from the conjugate 

fault pair (= NE - SW). It is also noticeable that compression is 

approximately 900 away from extension (dilation) of the veins (those 

~ithoQt accompanying s li ckensides). 

It was stated in Chapter 4.4 c that the Hauturu greensand lithofacies is 

probably younger than Whakoau limestone lithofacies and that this could 

be verified within a part of the Whangara inlier, about 20 km NNE of 

Gisborne (Ridd 1964) from which the small island at the southern end of 

Whangara Beach is formed (D. Francis, New Zealand Geological Survey, 

pers. comm., 1983; pers. observ. 1984). Here a similar facies of 

calcareous greensand overlies a lateral equivalent of the Whakoau 

limestone - the Weber Formation (Lillie 1953; Suggate et al. 1978). 
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In the study area the Hauturu greensand lithofacies underlies Whakoau 

lithofacies, but without the knowledge of facing directions for either 

the greensand or the limestone it is difficult to interpret how this 

inversion of lithologies was possible. There are two possibilities, 

both of which assume that the greensand had overlain the limestone at 

source:-

i} the two lithologies remained juxtaposed while undergoing rotation 

to a completely overturned position, their present common sheared 

contact being formed during this process; 

ii) the process of diverticulation (Lugeon 1943) took place, in which 

the greensand was dislodged and implaced, followed later by the 

limestone, which then found itself overlying the younger greensand. 

In this case both lithologies would not be overturned. 

The second suggestion is more likely because there is no regional 

structural evidence for overturning during emplacement. Diverticulation 

is also thought to have operated du r ing emplacement of Lower Tertiary 

lithologies (refer to section 9.5). 
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9.9 STRUCTURES IN MELANGE 

9.9 a DESCRIPTION 

Sheets or blocks of Upper Cretaceous to mid-Tertiary lithologies (sections 

9.5 to 9.8) form as extensively sheared melange sandwiched between the 

allocbthonous sheets of Mokoiwi Formation (9.3) below it and the Ihungia 

Formation sheet (9.11 - 9.15) above. The melange, defined as 

tectonically mixed formations (HsU 1968, 1974; Pettinga 1982) is best 

exposed in Whakoau, Hauturu, Owetea, Kaikomako and Makara Catchments and 

around tbe Puketoro homestead area (Localities 1 to 9, Figure 9.51). 

Coherent blocks consist of any of the pre-Miocene formations, especially 

the more indurated lithologies observed in the individual sheets - Whangai 

material, Whakoau limestone, sandstone from Waitahaia and Tikihore 

Formations, and greensands. They are often brecciated by shears which 

appear to have formed during transportation. 
/ 

The matrix of the melange 

is made up of disintegrated blocks bound together by a Paleogene smectite 

clay, previously referred to as "bentonite" (Fergusson 1985). This 

gouge material is pervasively sheared along innumerable shear planes, 

forming a tectonic fabric, similar to the well documented melanges along 

the coastal Southern Hawkes Bay (Pettinga 1980, 1982). 

" The melange undulates with a wavelength of up to 10 m and commonly dips 

about 250 SSE (Figure 9.52}, or occasionally north (eg. Owetea Catchment, 

around Locality 5, Figure 9.51L. The fabric is generally parallel to 

the upper and lower sheared margins of the large sheets, but locally it 

becomes contorted on a small mesoscopic scale Cincluding rare kink folds) 

adjacent to these sheets. Shear pl anes i·n the "bentoni te" contai n 

striations which have been used to determine movement directions within 

the material (using the method described in section 8.3 b). 
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/ 

Figure 9.52: Summary of shear fabrics in the melange. Details in 

Appendix 3.36. 

N • = pole to plane of shear fabric 

/= axial plane 

} kink 

1= fold axis with folds 
vergence indicated 

* = uncharacteristic 
northward-dipping fabric 
in the vicinity of 
Locality 5 (Figure 9.51) 

At one exposure in lower Whakoau Stream (Locality 4, Figure 9.51L 

evidence of an older, highly disrupted, fabric was detected in melange 

containing material resembling Tikihore and Whangai Formations. Little 

sense could be made of this fabric, other than that it is now oriented 

very steeply northeast, because it is overprinted by the gently dipping 

fabric summarised in Figure 9.52. 

Lozenges of variously shaped pre-Miocene lithologies (not the irregularly 

shaped blocks) shaped during shearing, disrupt the tectonic fabric in 

many areas of melange. Surfaces of the lozenges were measured - one 

parallel to the bedding plane, the other parallel to a dominant shear of 

a conjugate fault - in order to establish their intersections (jntermed-

iate axes), from which separation directions could be determined 

(figure 9.53). 
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Figure 9.53: Appraisal of lozenge formation, derived from Pettinga 

(1982). He states (p 190) that - "Frequently, one fault of a 
conjugate set is dominant. In conjunction with bedding shear a 
lozenge or transpositions fabric develops" (Figures a to d). 
"Separation directions may be obtained from the separation plot 

construction of lozenge geometry, this direction is normal to the 
intersection line of bedding with fault" (Figure e and f). 
"Separation directions are plotted around the periphery of the 
lower hemisphere equal area projection, for convenience. Lozenge 
and/or transposition fabric reflects a stretching of the overthrust 
sedimentary pile, hence movement (separation} directions are 
inferred. II 

- ~ and ~: Lozenge shear fabric. B = bedding, C = dominant fault 
of conjugate set, S = main sbear; 

~: situation involving normal faults (following Pettinga . 1982, 
Appendix 1, Figure 33); 

~: with reverse faults. 

7 and ~: Common situation in the study area, where isolated 
lozenges have developed from shear fabric of Figure 
9.53 a or b. L = lozenge, S = overall shear; 

7.: w~th normal faults; 
~: wlth reverse faults. 

- 7 and J: Stereonet separation plot (following Pettinga 1982, 
modified from Sp6rli and Lillie 1974 ) . SO = separation 
direction, B = bedding, C = dominant fault of conjugate 
pair, I = intermediate axis. Lower hemisphere equal 
area projection . Arrow in direction of hanging wall 
movement; 

~: movement towards pole to bedding in situation with normal faults; 
J: towards pole to fault in reverse situation. 

~~:~~: 
7 

S 

SO 

~L ~L~ 

• = pole to bedding 
• = pole to fault 

SO = inferred separation 
direc t ion 

S 

SO 
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9.9 b ANALYSIS 

Several fabrics within the melange show movement directions of upper 

surfaces relative to lower surfaces, consistent with allochthon 

emplacement directions:-

i) Stri ati ons (Figure 9.54) have been plotted from the main areas of 

melange within the study area. The points are widely spread, reflecting 

slight differences from one region to another, and the great variety 

of shear planes from which striation measurements were obtained . 

Nevertheless, t here is a tendency for both compression and extension 

axes to group around N/NW - SjSE poles; striated surfaces indicate a 

south to southeast-directed translation. A pie diagram (Figure 9.55) 

shows striation directions on planes oriented less than 450 (arbitrary 

value) and indicates shearing towards the south to southeast is 

overwhelmingly dominant . 

Figure 9.54 : Summary of equal area stereonet analyses of striations 

0 

\ 
X 

in melange material . Details in Appendix 3.37. 

N 

0 

( 0 

\ u 
1~L • X 
U D P\ 
\ \ 

~ \ \ 
~ \ 
~. 
~ , 

~ . \ 

x 

pole to plane containing 
striations 

/ = position of striation on 
shear plane 

• = compression, x = intermed
iate and a = tension axes 

( = partial great circle 
\ 1 inking • and c axes of 

striation analysis 
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Figure 9.55: Percentages of directions of all striations in melange 

material on planes dipping less than 450 (based on 90 

measurements) . 

N 

14% 
1900 

1500 

ii} Lozenge geometries provide additional estimates of the direction of 

major shearing. Measurements have been analysed using the methods 

described in section 9.9 a, following Pettinga (1982); modified from 

Sptlrli and Lillie (1974). Figure 9.56 shows clearly that movement was 

towards the south to southeast sector . 

iii) Kink folds of a small-scale, localised nature, occasionally disrupt 

the usually planar shear fabric in Owetea, Hauturu and Kaikomako 



358 

Catchments (Localities 5, 2 and 7 respectively, Figure 9.51). These 

folds verge consistently soutb to southeast (figure 9.52). Their fold 

axes parallel intermediate axes of the lozenge fabric and many of the 

intermediate axes obtained from striated surfaces. 

All fabrics described from the melange indicate major shearing in a 

general south to southeast direction (especially concentrated towards 

Transposition has occurred along a variety of shear 

planes within a tectonic fabric commonly dipping approximately 25 0 SSE. 

Figure 9.56: Summary of stereonet analysis of separation directions 

x 

obtained from lozenge fabrics. Details in Appendix 

3.38. 

N 

o = pole to bedding or tectonic 
fabric .= pole to shear or fault 

X = intermedi ate axi s 
(intersection of bedding and 
fault planes) 

~ = 

\= 
separation direction 
(inferred) 
arrow in" direction of 
hanging wall movement 

~ = normal dip-slip 

~ = reverse di p-sl i P 
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9.10 DISCUSSION 

Lithologies located between the allochthonous sheets of Cretaceous 

Mokoiwi and Waitahaia Fonnations (sections 9.2 and 9.3) and tbe sh,eet 

composed of Miocene Ihungia Formation (sections 9.11 - 9.15) probably 

contain the most comprehensive and most useful structures in the study 

area for locating a likely source region of decollement. To reiterate 

briefly, present positions of these lithologies, between the other sheets 

and relative to each other, can be obtained from geological maps and 

cross-sections (back pocket}. Notice tbat sheets or slivers of material 

are sometimes repeated at different tectonostratigraphic levels, with 

subsequent inversion of stratigraphy at some locations. Other sheets 

appear to be isolated blocks, but are in fact parts of one sheet, only 

separated now by eroding topography. 

A highly sh.eared melange encloses the coherent sheets and slivers. It 

has formed presumably during decollement by grinding of juxtaposed sheets 

into an amalogamation of particles f rom pre-Miocene lithologies mi xed 

with smectite clays ("bentonites " - see Fe rgusson 1985) already in the 

system. Shear and lozenge fabrics, striations and verging kink folds 

within the melange are excellent and consistent indicators of emplacement 

direction. Movement directions are supported by striated shears, 

slickensided veins and folding, recorded from most of the better-exposed 

slivers and sheets of coherent Upper Cretaceous to Oligocene lithologies. 

Emplacement is unquestionably towards the east-southeast-to-south sector 

(especially towards 1600 1, from a source at an unknown distance to the 

north-northwest (north-to-west-northwest). Indicators from the under-

lying Mokoiwi and Waitahaia Formation sheets (sections 9.2 g and 9.3 f 

respectively), the autochthon/allochthon boundary (9.1) and the uppennost 
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strata within the autochthon (8.9) also show emplacement from somewhere 

to the north-northwest . 

Evidence of possible diverticulation of some sheets (Te Waka greensand 

and Mangatu siltstone - section 9.5 c; Whakoau limestone and Hauturu 

greensand - section 9.8), or doubling up of sheets (Whakoau limestone 

upper and lower sheets - section 9.7 e) complicate a simple emplacement 

model. Recumbent folding during the early stages of movement, followed 

by break up and rotation of individual slices in later stages, is 

depicted in Upper Cretaceous to Paleocene lithologies (section 9.5 c). 

Despite the existence of numerous packets of readily identifiable 

lithologies between the Mokoiwi/Waitahaia and Ihungia allochthonous 

sheets, none can be traced back to a possible source to the north-to

west-northwest of the Waitahaia area. The mountainous t errain to the 

north and west is composed of autochthonous Ngaterian strata (Waitahaia 

Formation, section 8.6) nearest the study area, and becomes progress i vely 

older towards the west coast of Raukumara Peninsula (section 9.2 g). 

The region is not known to conta i n any erosional remnants of lithologies 

younger than Lower Cretaceous (Rumeau 1965; Kingma 1966). No exotic 

float of such lithologies has been found in upper reaches of the Mata 

and Waitahaia Rivers which drain eastern catchments of the Raukumara 

Ranges (pers . observ. 1982, 1983). 

Furthe r north and north-east another series of decollement sheets contain

in g Cre t aceous to Oligocene lithologies have been mapped (I .G. Speden and 

P.R. Moore, New Zealand Geological Survey, pers. comm., 1982). On the 

northwest coast of Raukumara Peninsula, north of the Raukokere River 

(northern extent of autochthonous Mesozoic basement - Kingma 1966; Suggate 
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et al. 1978) Chapman-Smith and Grant-Mackie (1971) have mapped Mangatu 

Group lithologies (uppermost Cretaceous to Paleocene age), some of which 

may be facies variants of Wheturau (black) siltstone lithofacies and 

Tikihore Formation. However neither of these northern regions contain 

rocks which are lithologically suitable to be proposed as likely 

sources of allochthonous Upper Cretaceous to Oligocene material around 

Waitahaia (pers. observ. 1983). Also, the region of allochthonous 

sheets to the north and north-northeast (mapped by Speden and Moore) is 

not in the correct position to comply with the movement directions 

recorded from the study area. 

If the source area was located to the north-northwest, strata may have 

been laid down:-

i) in the vicinity of the present Raukumara Ranges, but has since been 

eroded away, leaving Mesozoic basement; 

ii) in the same area as above, but the source was totally removed by 

the decollement episode being studied; 

iii) in the eastern Bay of Plenty, and is now also eroded away or 

covered by Recent sediments. 

It is possible to differentiate some characteristics of the source 

area(s) from pre-emplacement features preserved in the allochthonous 

Upper Cretaceous to Oligocene lithologies. 

i) It has been argued in section 9.5 c that the Tikihore and upper 

Whangai Formations were juxtaposed against each other by faulting 

when they were still autochthonous. 

ii) High fluid pressures within Oligocene Whakoau limestone and Hauturu 

greensand at their source(s) promoted the development of many veins. 

Vein dilations and accompanying growth of calcite fibres perpendic-
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ular to vein walls signify tnat incremental stresses were applied 

from a consistent direction. 

iii) Pressure solution cleavages in Whakoau limestone (and questionably 

also present in the greensand) may have evolved contemporaneously 

with the veins as expressions of complementary compression and 

extension directions. 

iv) Blocks of Tikihore and upper Whangai Formation lithologies within 

the melange display a sheared fabric, now partially concealed by 

emplacement-related shears. These lithologies, when present -in 

larger sheets, are gently folded throughout (~ndulationsl. 

Undulations are very common in the equivalent autochthonous 

lithologies along the Mata and Waitahaia Rivers (sections 8.8 and 

8.9). 

In section 9.5 c the concept was put forward that more than one emplacement 

may have taken place. It was discussed in section 9.4 that emplacement 

of the Mokoiwi Formation allochthonous sheet was probably separated from, 

but nevertheless related to, the emplacement of the allochthonous Waitahaia 

Formation sheet. It was suggested (section 9.5 cl that movement of these 

sheets across autochthonous terrane removed the uppermost (autochthonous) 

layers, consisting of Paleogene smectite clays and associated material 

(Chapter 4.3 d), and instigated deformation of the immediately underlying 

(autochthonous) Whangai Formation. Some Wheturau siltstone was not 

sheared away, because it was trapped in synformal pockets of folded 

Whangai limestone and shale during the deformation. 

Allochthonous Whangai lithologies and Wheturau (black) siltstone, deformed 

in an identical manner to their autochthonous equivalents, are found in 

sheets (section 9.5) tectonostratigraphically higher than the Mokoiwi and 
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Waitahaia Formation sheets (refer to cross-sections in the back pocket). 

Hence the hypothesis that Whangai Formation and associated lithologies, 

already deformed by movement of the Mokoiwi and Waitahaia sheets, were 

themselves dislodged from their autochthonous source, and became part 

of a "second wave" of emplacement. Oligocene-age material, including 

Whakoau limestone and Opossum Creek sandstone, is assumed to have been 
,. 

emplaced during the proposed second decollement. 

Two other factors provide further evidence of more than one 

episode of decollement, based on descriptions in this section of 

lithologies located between the Cretaceous and Miocene allochthonous 

sheets:-

i) The combined Mokoiwi and Waitahaia Formation sheets are different 

in style and characteristics of emplacement to the mixture of 

smaller sheets and slivers of allochthonous Upper Cretaceous to 

Oligocene lithologies. Mokoiwi and Waitahaia sheets maintained a 

large~ relatively thick, planar form. They slid over, and sheared 

off, Paleogene smectite clays which seem to have acted as 

"lubricants" Cvan Bemmelen 1966; Kehle 1970) along the basal shear 

plane (section 9.11. thus "protecting" the rigid sheets from 

fracturing and breaking apart during transportation south~southeast-

wards. Conversely the other group (Vpper Cretaceous to Oligocene 

lithologies) now comprises relatively thin sheets of diverse 

lithologies which broke up during emplacement towards the south

southeast. 

ii) Material of Arowhanan to Haumurian age is not found in the allochthon. 

It is conceivable that lithologies of this time range did not exist 

at the source. However Arowhanan to Haumurian rocks are present 

in the autochthonous region of the study area (Karekare Formation 
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(i i) 
and Haumurian parts of the Whangai Formation) and are also found 

to the southwest, in the Mangaotane area (Stoneley 1968) and beyond . 

If Arowhanan to Haumurian lithologies are assumed to have been 

present at the source, then it is more likely that two d~collements 

were instigated - an early one from lower in the sequence (of 

Mokoiwi and Waitahaia Formations) and a later one from higher in the 

sequence (Paleocene to Oligocene age). For this to be geometrically 

possible it is essential that the rocks involved in the decollements 

are juxtaposed in some manner at the source, rather than being part 

of a complete stratigraphic package, in order that Arowhanan to 

Haumurian-age rocks do not become involved in the movements (Figure 

9.57) . 

Figure 9.57: Hypothetical scenario for positions of material of Middle 

Cretaceous to Oligocene ages, in the source area of the 
decollements, in the autochthon. Notice that Upper 
Cretaceous rocks (Karekare and lower Whangai Formations) 
are not present above the potential d~collement shear plane. 
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IHUNGIA FORMATION DOMAIN 

The uppermost structural domain (stratigraphically) in the study area 

is spread -over most of the southern half of the region, and is made up 

entirely of Ihungia Formation (Figure 9.58). Its discordant, south.ward-

dipping contact with domains of older material, lower in the sequence, 

is offset by megascopic cross-cutting faults which are described in 

Chapter 10. 

9.11 INTERNAL STRUCTURES 

The Ihungia Formation is unusual in this region for its relative lack of 

deformation when compared with lithologies described earlier (sections 

8.1 to 9.10). However exposures are poor, and often measurements of 

bedding and structures prove to be unreliable because of surface 

slumping. Therefore it is understandable that large discrepancies 

exist amongst the interpretations of previous workers in this area; 

Vella (1959), Pick (1962 a, b), Kingma (1965) and Laing (1972) being 

the most recent. The present study of detailed structural aspects of 

the Ihungia Formation offers yet another interpretation. 

9.11 a FOLDING 

The most conspicuous features of the Ihungia Formation as seen on the 

lithostratigraphic and biostratigraphic maps (back pocket) are megascopic 

anticlines and synclines separated by large faults, to be discussed in 

Chapter 10. The presence of the gentle and open folds has been 

determined by the linking up of form lines along local bedding trends, 
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and analysis of ages determined by microfaunal identification (~hapter 

5.1 b) at many localities (hence the mixing of biostratigraphy with 

lithostratigraphy throughout tbis section). Regular gentle folding 

was recognised previously by Vella (1959), Pick (1962 a, b) and Laing 

(1972). 

The largest fold - the NE - SW-trending Tutamoe Syncline, named by Pick 

(1962 a, b), but also recognised by Vella and Laing - is deemed to be a 

younger feature in a fold system not solely confined to the Ihungia 

domain, and is described in Chapter 10. The folds described in tnis 

section occur on the northwest and soutbeast flanks of the Tutamoe 

Syncline, and cannot be traced for more than about 2 km along their hinge 

lines, usually because they are offset by later faults. Orientation of 

their axial planes and plunge of their fold axes are depicted in Figure 

9.59. 

Two main fold orientations are present; both exhibit limb dips generally 

less than 400 and very steep axial planes. The more dominant 

orientation involves N - S to NNW - SSE-trending, gently south-plunging 

folds, the other is E - W to ENE - WSW-trending with variable but sub-

horizontal fold axes. The two trends interfere at just one locality 

(Locality 1, Figure 9.58) where they form the Pouturu Dome (Figure 9.59). 

Localised disruptions in the form of small-scale flexing and tilting of 

bedding was observed within metres of the discordant contact with 

stratigraphically lower domains. Flexural slip, caused by folding of 

bedding, was not observed in the Ihungia domain. 
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9.11 b FAULTING 

Megascopic faults are described in Chapter 10. 

Most information concerning mesoscopic faulting of the Ihungia Formation 

domain was obtained in the Ihungia Catchment from the Popaingawariwari 

Stream and the upper reaches of the Makahikatoa Stream - McKay's (188?} type 

1 oca 1 i ty for Ihungi a Forma ti on (Kenny 1980, 1984a). In this area conjugate 

faults, often filled with sheared material or calcite, indicate a tendency 

towards NW - SE tension (Kenny 1980). Elsewhere in that catchment and in 

much of the present study area, mesoscopic faulting is difficult to detect 

because of the lack of suitable exposure. It is assumed that many existing 

faults are masked by the closely-spaced joints and weathered condition of 

the widespread massive mudstones of the formation. Striations and 

slickensides on calcite veins (Figure 9.60 a) were measured only from 

Localities 2, 3 and 4 (.Figure 9.58). Conjugate faults (.Figure 9.60 b) were 

measured at Localities 5 and 6. All these regions are near the northern 

limit of the Ihungia Formation domain. 

Figure 9.60: Summary of equal area stereonet analyses of striations (a) 

and conjugate faults (b) in Ihungia Formation domain . 
Details in Appendix 3.39. 

11 u. = pole to fault plane or striated 
D surface (with slip direction 

indicated) 
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9.11 c WHANGAI BRECCIA 

The breccia of Whangai Formation fragments, within the Middle Altonian 

sediments of the Ihungia Formation, described in Chapter 5.1 e, is a 

structural anomaly. It provides a rare example of synsedimentary 

disruption (also discussed in Chapter 5. 1 i, j) within the formation. 

Possibly an escarpment shedding the siliceous upper Whangai lithology 

with associated chert nodules, was adjacent to accumulating Ihungia 

Formation sediments in Middle Altonian times, at their source. 
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9.12 LOWER CONTACT 

All previous workers in the district recognised that a discordance of 

some kind existed between the base of the Ihungia Formation and the 

underlying material; but all explained the phenomenon by carefully 

positioned, sub-vertical faults. Remapping for the present study, 

and by Kenny (1980, 1984a) in the Ihungia Valley, revealed that the 

intersection with topography requires a low angle contact. The Ihungia 

Formation rests, with a sheared planar discordant contact, upon 

allochthonous lithologies of the Mangatu Group domain predominantly 

(sections 9.5 - 9.10), and upon the Mokoiwi/Waitahaia Formation domain 

(section 9.1 - 9.4) east of the Mata River (Figure 7.1). The contact 

strikes E - Wand dips approximately 100S. 

From investigations in the Ihungia Catchment (Kenny 1980, 1984a) the 

boundary was considered to be a shear plane, rather than an on 'lap 

situation, for the following reasons:-

i) bedding trends within the Ihungia Formation lie approximately 

normal to the boundary, rather than parallel or sub-parallel to it; 

ii) megascopic fold axes are oriented normal to the boundary and appear 

to be truncated by it; 

iii) substantial amounts of smectite clay material ("bentonite"). oozes 

from the boundary zone; 

iv) basal conglomerate pebbles, often present in onlap situations, are 

absent. 

Evidence from the present study area reinforces the shear plane 

hypothesis advanced by Kenny (1980, 1984a). The four points listed 

above also apply to the present area; the first and second points are 

depicted on the biostratigraphic map of the Ihungia Formation (back 
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pocket) and less clearly on the lithostratigraphic map (also back pocket). 

A further three points can be added to the evidence in favour of a 

sheared basal contact:-

v) small-scale disruption of beds by folding within metres of the 

contact; 

vi) shearing of melange material immediately below the contact; 

vii) detached, shear-bounded slivers of Ihungia Formation, dipping 100 -

300 S, enclosed in melange material beneath the main basal contact 

of the Ihungia Formation domain. 

The slivers occur at Localities 3, 6, 7 and 8 (Figure 9.58). Another 

sliver is thought to exist in the eastern Ihungia Catchment on the 

Takapau - Waitahaia Road (Locality 9, Figure 9.58) (P.R. Moore, New 

Zealand Geological Survey, pers. comm., 1983). 



9.13 UPPER CONTACT 

An upper contact for the Ihungia Formation is not found in the study 

area. East of Makahikatoa Stream in the upper ihungia Catchment, 

Ihungia Formation is overlain by an allochthonous sheet of Whangai 

Formation lithol~gies (Kenny 1980, 1984a). 

9.14 ANALYSIS 
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Although the fold trends in the Ihungia Formation domain interfere at 

the Pouturu Dome, it has not been possible, anywhere in the region, to 

determine if one of the trends predates the other, or if they were 

formed concurrently. However the folds of both trends are trancated 

by the basal shear plane of the formation (section 9.12, point 11), 

which implies that tectonic activity produced the folds before the 

formation was dislodged from its source area. 

Striations and small-scale faults near the northern limit of the Ihungia 

Formation domain demonstrate the existence of a tensional regime during 

the majority of their individual or collective developments (Figure 9.60 

a and b). Principal stress directions displayed in the figure are 

rather variable, but a vague E - W-to-ESE - WNW alignment of extension 

axes is visible. It is not clear how or when this alignment was ' 

formed. None of the structures was observed to cross the Ihungia 

Formation boundary. 

The lower boundary is thought to be a shear plane. When the seven 

points in section 9.12 are considered collectively they provide a strong 
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case for the sapposition that the Ihungia Formation domain is yet 

another allochthonous sheet, although there is a possibility that the ' 

contact was originally a sedimentary unconformity later dislodged by 

short distance movement. 

Information on the directions of movement of the domain (invo.lving 

either short or long distances) cannot be obtained from analysis of 

the small-scale structures within the Ihungia Formation domain (section 

9.9) . A number of these fabrics, striations in particular, were 

measured at localities less than 5 m from the Ihungia domain contact. 

At that close proximity to the contact the tectonically weak and 
/ incompetent nature of the sheared melange may be expected to contain 

fabrics related to emplacement of the Ihungia sheet as well as the domain 

to which it belongs. No extraordinary fabrics were identified. 

Therefore it is necessary to assume that either no signs of Ihungia 

Formation domain emplacement penetrated into the melange, or that 
/ 

emplacement was in the same direction as the melange - towards the south-

east. The latter is favoured, adding the suggestion that movement of 

the Ihungia sheet may have caused the majority of shear fabrics in the 

higher levels of the underlying melange. 
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9.15 DISCUSSION 

The question remains as to why the striations and small-scale faults 

are only found close to the northern boundary of the Ihungia Formation 

domain. It would be understandable if the structures were related to 

emplacement, but there is no proof of that. In fact evidence tends to 

disagree with the structures being emplacement-related. Firstly, few 

of the principal stress directions obtained from the eata (Figure 9.60 
ofunder ly in91", t hologies 

a and b) conform to known emplacement directionsAtowards the southeast. 

Secondly, the structures were only observed in material which was later 

(by dating of foraminifera) found to be about the oldest (Lower 

Altonian) in the area, which coincidentally outcrop near the northern 

boundary of the sheet. McKay's (1887) type locality in the upper 

Ihungia Catchment, from which excellent data on small-scale structural 

features are obtainable, is also Lower Alt~n;an (Kenny 1980). This 

area is not located near the basal plane of the Ihungia sheet. 

Therefore, the controlling factor for development of detectable 

structures seems to be stratigraphic level rather than proximity to the 

northern boundary. Ihung i a Formation domain structures may no l onger 

be preserved elsewhere because of the closely jointed and weathered 

exposures especially prevalent in slightly less indurated younger beds 

of the formation. Small-scale faults cut megascopic folds in beds of 

Lower Altonjan age in the vicinity of Locality 6 (Figure 9.58), and 

therefore must have formed after Lower Altonian time, at least in that 

area. 

Two alternatives are possible for the relative timing of events:-

i) folding----~~faulting-----7>~emplacement of sheet; 

ii) folding----~~~emplacement of shear----~>faulting. 

However the real situation is likely to be more complicated if one 
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imagines that faults and striations were probably not formed in one 

phase, taking into account the variability of principal stresses displayed 

in Figure 9.60 a and b/Appendix 3.39, although no definite cross-cutting 

relationships were observed. Also, there may be two periods of folds 

for the two axial trends. Previously formed structures may also have 

been reactivated. 

If the megascopic folds, small-scale faults and striations are not 

related to emplacement of the Ihungia sheet, then it would seem that an 

internal structural record of emplacement o~ the domain is lacking. 

This is an important difference to the tectonostratigraphically underlying 

allochthonous domains. Weakness of internal deformation in the Ihungia 

sheet may be explained by:-

i) emplacement of the Ihungia Formation domain only a short distance 

from its source, perhaps involving a parautochthonous position upon Man.9atu -Group 

ii) the fact that the interpretation of the Ihungia sheet as 

allochthonous is erroneous; 

iii) the fact that the sheet acted as a rigid body (Ramberg 1981) compared 

to underlying sheets; 

iv) emplacement of the formation an unknown distance from its source, 

not as an individual, independent sheet, but instead riding on top 

of, and cushioned by another allochthonous sheet. 

The first suggestion is probably unlikely, considering the amount of 

shearing along the northern boundary of the domain, and the incorporation 

of slivers into material beneath the main basal plane . The second idea 

is not in contention, given the evidence for a basal shear plane in 

section 9.12 - the domain has clearly moved, even if for only a short 

distance. 
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Concerning the third point, Ramberg (1981) suggests that a sliding rock-

mass may act as a rigid unit and may exhibit no indication of internal 

sagging or p1astic collapse. It is considered here that the overall 

thinness of the Ihungia Formation domain relative to its large arear 

extent would preclude it from behaving as a "rigid unit". 

The fourth choice provides the most likely history for the domain. It 

implies that the Ihungia sheet was protected from stresses normally 

associated with d~collements by the undertying, highly sheared Mangatu 

Group domain with which it was emplaced, southeastwards. 

Emplacement of the u g 'a dam in y r ',d'ng ana un der~i 9 s eet 

appears to be unique in New Zealand, at the present level of knowledge 

(Suggate et al. 1978). However the concept of one allochthonous sheet 

riding "piggy-back" (Butler 1982) on another is not unusual overseas. 

An example is found in the Tinee Nappes in the Maritime Alps (Graham 

1981) where cleavage in the Higher Tinee Nappe is not as intense as it 

is in the underlying Roya Nappe, and no stretching lineation is visible. 

Graham suggests greater displacement of the Roya Nappe as the cause, 

and implies that the two nappes travelled together in piggy-back fashion. 

Other examples are documented from the Rocky Mountains (Armstrong and 

Oriel 1965; Bally et al. 1966; Dahlstrom 1970; Price and Mountjoy 1970; 

Price 1973; Boyer and Elliott 1982) and from Europe (HsO 1979; Boyer 

and Elliott 1982) but these are related to the mechanism of "grav itaional 

spreading" (Bucher 1956; Cooper 1981 - see section 12.3 c). This 

process does not adequately describe the relationship of Ihungia 

Formation domain to the Mangatu Group domain (refer to the discussion 

of emplacement - Chapter 12). 
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Ori and Friend (1984) describe piggy-back structures on the southern 

margin of the Po basin complex (northern Italy) and on the northern 

margin of the Ebro basin complex (northern Spain). Although piggy-back 

allochthonous sheets have developed in tbese regions from gravitational 

spreading, Ori and Friend are more concerned witb the "piggy-back basins" 

which formed and were filled while being carried upon moving sheets. 

They describe this type of basin as the depocentre between the inactive 

"1 eadi ng edge" of a thrust sheet and tbe "1 eadi ng edge II of the newly 

activated thrust sheet beneath (Figure 9.61. Piggy-back basins 

developed in a submarine situation in the Po basin complex (Figure 9.62), 

and in a dominantly nonmarine environment in tbe Ebro basin complex 

(Figure 9.63). Tbe Ihungia Formation was not formed in such a basin, 

as the contact with the Mangatu Group domain beneath is sheared (section 

9.12) . However, it may have been transported for part of its 

displacement in a similar, passive fashion to the Po and Ebro basin 

complexes. 

Figure 9.61: Deposition of sediments in a piggy-back basin formed 
between two thrust sheets in a gravitational spreading 
situation. 

older, inactive accumulating sediments 
piggy-back riding piggy-back on 

thrust moving t~rusts --------" -
-~: : .. :.: " ... ~'---'--

new, active 

thrust sheet 



• 
379 

Figure 9.62: Section of the southern Po basin complex. The piggy

back basin consists of middle Pliocene to Quaternary 

deposits. Older pre-Miocene deposits form the basement 

of the piggy-back basin. 
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Figure 9.63: Section through the Glaus basin and marginal area of the 

Ebro basin, northern Spain. 
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Piggy-back transportation may have induced buckling of the Ihungia 

Formation sheet, now expressed in the two major fold trends (section 

Km 

_- I 

_-2 

_ -3 

_-4 

9.11 a). Evidence of this should be visible in the basal shear plane. 
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Although the basal plane undulates to some extent, its undulations are 

not as exaggerated as the folds within the formation, nor parallel to 

them in any way. Thus the original premise, that folds within the 

Ihungia Formation domain were formed before emplacement, should be 

retained. 




