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Introduction

The purpose of this trip is to examine primary sedimentey structures plus brittle and
ductile deformation, together with evidence of faulting andfluid flow in the variably
metamorphosed Torlesse Terrane Mesozoic accretionary wedg&/e will drive up the
Waitaki River from Oamaru and mainly look at rocks in two places, Benmore Dam and
Maraewhenua River. In the morning at Benmore Dam we will gamine folded sandstones
and mudstones with excellent primary sedimentary structtes, brittle faults, fault-fracture
meshes, and fractures with zeolite and quartz - prehrat - epidote - pumpellyite vein
assemblages. In the afternoon at Maraewhenua River we wilisit spectacular exposures of
polyphase deformed and quartz veined low-grade Haast Schisedeloped from protoliths
similar to those seen in the morning.

Overview and Geological Background

Torlesse Terrane and the Otago Schist

The Eastern Province basement of New Zealand’s Selathd is composed of metasedimentary
units accreted to the Gondwana margin from the Permiagatly Cretaceous. In the Waitaki
valley, inland from Oamaru (Fig. 1), the basement & ghndstone-dominated, mainly marine
turbiditic, Permian-Triassic Torlesse Terrane of preshpumpellyite metamorphic facies
(Forsyth, 2001). To the south, metamorphic grade increaaspgmpellyite-actinolite facies and
the sedimentary rocks become foliated. In New Zealdmaprogressive development of foliation
and segregation is mapped in five textural zones (Turnball ,€2001). TZIIA and higher rocks
are mapped as Otago Schist (of Jurassic-Early Cretacgelisla the Waitaki valley, bedding
and foliation are generally steep and the transitiomffgreywacke” to schist occurs across a
number of NW-SE striking fault blocks, inliers and outi€fig. 2). Probably, these are structures
inherited from the Mesozoic accretionary wedge in whiehTorlesse Terrane was deformed and
metamorphosed.

Waitaki Valley and the Waitaki Fault system

The Waitaki River originates in the MacKenzie Basind flows SE along the Waitaki Valley
towards the Pacific Ocean just north of Oamaru. Tdley is the geomorphic expression of the
Waitaki Fault system, which comprises a series ohdgasome active, and displays NE-side
down net slip. Arguably, the total throw across the Waikault system is small (perhaps <1
km).
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Itinerary

9:00 am

Depart from outside the Oamaru Opera House
Short toilet stop at Kurow

10:30 am

Stop 1: Aviemore Dam Lookout. E 2299608 N 56613376.

A 15 minute stop for an overview of the neotectonic and gepinic expression of the Waitaki
fault system, and the famous Waipounamu Erosion Surfamsyth, 2001; Landis et al., 2008).
Low terraces to the SW are capped by Pliocene to Quaydaitaace gravels, over Early Miocene
greensand. These units are juxtaposed against TZ |[IB (elgist at the modern break in slope
on an active strand of the Waitaki Fault system. Kinkliston Range and Campbell Hills on the
NE side of the Waitaki Valley, which rise much moreegtly from the lake, have been uplifted in
the Neogene along the main strand of the Waitaki Faidtwever, the comparatively low
metamorphic grade in the hills to the NE compared withréinges to the SW suggests that the
NE side was formerly downthrown, consistent with admgsof tectonic inversion. The possibility
of significant strike-slip displacement along the Wadit&ault system may also need to be
considered.

11:00 am

Stop 2a: Loch Laird Recreation Reserve, immediately downstean of the Benmore Dam,
facing N into the dam spillway. E 2286796 N 5622630.

1.5 hours
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Figure 3: Stratigraphy of the Torlesse sandstones imi¢héty of Benmore Dam. From
Retallack, 1983.

{ formations Greup and adjacent Akatarawa

Exposures on the river banks provide excellent horizoetlas through subvertically dipping
Torlesse sandstone and mudstone (at stop 3 the sectmngerdical). Locally, the Torlesse
Terrane has been mapped as Otematata Group with the Bleks Conglomerate (not seen on
this trip) overlain by Spillway Formation which is whaewre standing on (Fig. 3, Retallack,
1983). Sedimentary layers are cm to dm-thick, interbeddedsgare and mudstone with
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excellent primary sedimentary structures, such aseipphrks and grading. Retallack (1983)
interpreted a marginal marine depositional environment fdiwggi Formation. This is unusual
as most of the Torlesse Terrane comprises deep maripieites. On average, bedding strikes
NE-SW and dips steeply to the NW. Facing/younging caddiermined from graded bedding
and truncated cm-scale cross-bedding and, in this smatidimal section, faces/youngs east.
Microscopically the sandstones are poorly sorted subaniifhia feldsarenites with 10-20% clay
matrix - classic greywackes (Fig. 4). The mudstones simeally show a fissility but no
throughgoing foliation or cleavage is evident. U-Pb datingetdfital zircons from samples near
Kurow and Lake Aviemore show a cluster of (source aaga¥ between 250 and 270 Ma (Ireland
1992; Wandres et al., 2004).

Figure 4

Thin section image of
Spillway Formation
sandstone P29217 from
near the Benmore Dam.
Quartz (white), feldspat
and lithics (greys), plan
fragments (black).
Laumontite vein on left
of image.

Plane polarised light,
image width 2 mm

—F

Peak metamorphic temperatures of Torlesse metamorpheserwadely bracketed by the Frey et
al. (1991) temperature limits for prehnite-pumpellyite facie4#5-280°C. Eight zircon fission
track ages in TZI rocks of the Waitaki valley rangenir114-216 Ma (median 164 Ma), and two
apatite ages are 108 and 113 Ma (Tippett and Kamp, 1989; Kamp 2001)ziMostages were
partially reset in an Early Cretaceous partial anneatioge; cooling below 230-280°C was
complete by the late Early Cretaceous. The apatite ingesite that the Waitaki valley Torlesse
sandstones cooled below 70-90°C in the early Late Cretacdtws the Benmore Dam
sandstones have always been in a brittle crustal eggmaccord with the lack of foliation and
strong veining.

In the field, the sandstone beds are disrupted intondgeeby dominantly dextral shear on a series
of NNE to N-striking structures that generally only désq@ individual beds, and sole out into the
adjacent mudstonesThe lozenge-bounding faults are sharp, implying the sanestavere
reasonably well lithified at the time of this deformati&imilarly, the presence of extensional
zeolite(?) veins in lozenge tails suggests a brittlpaese to deformation, in the presence of
fluids. Small-scale thrust duplexes and imbricate thrust staekieeally evident.

In parts of the sequence, faulting of the thick sandstmus is accompanied by asymmetric
folding of thinner interbedded sandstone and mudstone %rign other words, bed thickness
influenced deformation style as the stresses requoedatise buckling of the thickest beds
exceeded the vyield strength of this material. The foldirag probably accommodated by a
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macroscopically ductile mechanism such as solution-acomtated creep and grain or particle
boundary sliding. The structures are consistent withhdion in the toe of an accretionary prism.
The primary bedding and lozenges are displaced on a sequidater faults striking NW-SE and
dipping moderately to gently to the SE and NW.

Figure 5: Folded and thru
faulted sandstone layers in a
mudstone matrix. Torlesse
Terrane outcropping on the
true R bank of the Waitaki
River, immediately
downstream of the Benmore
Dam. Note the different
response of thin and thick
sandstone beds to shortening.
Field book is 20 cm long.
Viewed towards the SW.

A prominent SE-dipping structure at this location appearbat® the greatest offset since it
places different packages of sediment (i.e. mudstonerdde@d package to the N against
sandstone-dominated package to the S), whereas beds caatdiednback across the NW-
dipping structure, which accommodated dm-scale displacerRemteeding SW along the river
bank, the beds are cross-cut by apparently conjugate sebsititd strike-slip faults with
associated zeolite mineralisation. Note that if theicaly dipping strata were restored to the
horizontal, the structures would represent a conjugatef semrmal faults. Did they form early or
late in the deformation sequence?
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Stop 2b: Loch Laird Recreation Reserve, immediately downstem of the Benmore Dam,
facing across the stream

E 2286660 N 5622436

Walk SW (downstream) 300 m from the previous exposures, apmtetimalong strike of
bedding. Here the sedimentary sequence is deformed intonaetyic tight to isoclinal folds.
These structures, which have steep N-S striking axiaegland mostly near vertical fold hinges
probably mirror the form of larger structures in the axganapped by Retallack. In places within
the outcrop, the hinges of folds with similar appeargiaage only moderately to the N. Either
the fold hinges are bent around a second fold phase, Brphenging hinges belong to a separate
phase. Other folds with N-plunging axes are kink or bghkesconsistent with them representing
a more brittle response to shortening. Steeply plungilily fare widespread over vast tracts of the
Mt Cook region (e.g. Lillie and Gunn, 1964) and pose a probletm atether they formed steep
or represent the refolded hingelines of originally subhat&adold structures.

12:30pm

Stop 3: SE abutment of the Benmore Dam. E 2287562 N 5622547.

1.5-2 hours, including lunch break. Depart 2:00-2:30pm

In contrast to the subhorizontal rock platforms at stogh@ main views of the Torlesse here are
in subvertical cut faces at the SE abutment of the Bemdam. De Ronde et al. (2001) have
made a detailed study of the deformation and veining atdbality. The rocks are again a steeply
E-dipping but folded sequence of dm to m-bedded Spillway Faymaandstone and mudstone.
The bedding is displaced on conjugate sets of shallowlynadkrately NE-dipping thrust and
reverse faults that apparently formed as conjugate Caustmar fractures (Fig. 6). Slickenfibres
on fracture surfaces plunge almost directly down-dip, sstgge a sub-horizontal principal
shortening direction. On the lower bench this is als® intersection line of the faults and
bedding, so it is difficult to make clear interpretatiaf shear sense from offsets observed in the
outcrop face (Fig. 7).

Figure 6: Braided reverse fau
decorated by quartz + prehnite +
calcite + epidote veins, SE abutment
of Benmore Dam. Notice also that
veining in the host rock is mostly
concentrated in more competent
sandstone layers. Viewed towards the
SE.
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Graywacke

Argillite

Hydrothermal alteration
Bedding trend line
Geologic contact
Quartz-prehnite vein
Extent of alteration
Fault/kinematic indicator

S
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Figure (A) Photograph looking approximately southeastward toward the southern
abutment outcrop to Benmore Dam, 3.5 km north of Otematata (see Fig. 1). Hydro-
thermal alteration (circle ornament) is more pronounced in the lowermost outcrop than
in the two higher walls and is best developed in graywacke. (B) Line drawing of pho-
tograph shown in A. Zones of hydrothermal alteration extend on either side of the faults
but are more pronounced in the hanging wall to these faults.

Figure 7. Photograph and interpretation of structuregapping in the SE abutment of Benmare
Dam. From de Ronde et al. (2001).
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Within thick competent sandstones, there are also abummemly E-dipping extensional and
extensional shear veins of quartz + prehnite +/- epidbtealcite. Larger, en echelon arrays of
these veins (Fig. 8) bisect the acute angle between hiar dractures, indicating all these
structures were formed coevally. Microveins are mostraon in the more competent sandstone
layers, and it is interesting to consider how a moferded version of this rock may compare to
foliated TZ Il Otago Schist that we will see at stop 4.

Figure 8: Er
echelon array of
extensional veins
in sandstone. SE
abutment of
Benmore Dam.
Field book is
20cm long.
Viewed towards
the SE.

Vein textures indicate incremental opening, which led ded@cet al. (2001) to the interpretation
that they formed during a micro-earthquake swarm. Theeefew precise constraints on the
timing of faulting, however it is unlikely that thereshbeen significant tilting of the sequence
since formation of the fractures because, regiontily,Late Cretaceous-Cenozoic unconformity
generally dips less than 20 degrees. Hence, fluid presswst have at least equalled overburden
pressures (i.e.;P s) so that the ‘flat’ extensional veins could form, ghdt the steep reverse
faults could be re-activated, despite their unfavourablentation (Fig. 9). When veins opened
they likely formed an interlinked, permeable pathway foidfiu- ie. a ‘fault-fracture mesh’ (cf.
Sibson, 1996). Note, however, that the conjugate setmiradr faults is again consistent with
extension along the bedding - did they form in a compreaki@gime in their present attitude or
in an extensional regime when the strata were hota®

De Ronde et al. (2001), used fluid inclusion and stable psottata to constrain the sources of
vein cements. dio vs. d®0u20 indicate a meteoric fluid source was modified to sextent by
interaction with the surrounding Otago Schist. Vein quarés formed from relatively saline
fluids at elevated temperatures (c. 280°C based on thristence of epidote+prehnite). Trapping
pressures were c. 160 MPa, consistent with a minimuppitrg depth for lithostatic conditions,
of 6km. Later calcite cements (with quartz and pumpellyiene deposited from much less saline
fluids (<1wt% NaCl) at lower temperatures. Fluid ireshn gases contain methane in addition to
water, indicating exchange occurred between the orgmhicsediments of the Spillway
Formation and the fluids during passage through the rock. mas
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2:30-3:00pm

Note that as we drive up the Maraewhenua River from naatr®on, we cross at least 15 km of
vertically foliated Otago Schist with no obvious changenetamorphic grade. This contrasts with
much of central Otago where it is commonly inferred thatamorphic isograds lie subparallel to
the generally subhorizontal foliation. The cover segaeroverlying the subhorizontal
unconformity truncating the schist foliation consist$ atfe Cretaceous non-marine quartz gravels
of the Taratu Formation at the base (extensively slufoe gold) overlain by marine Eocene
sandstones (intruded by the basaltic Tokarahi Sill) faldwy Oligocene calcareous greensands
and limestones.

Stop 4. Maraewhenua River, Dansey’s Pass Holiday Park E 2299608 N 5582000

2.0 hours. Depart 5:00pm

Note first that the Waipounamu Erosion Surface overlainTsatu quartz gravels, is visible
across the river from the schist outcrop. River-wautcrops beneath the Dansey’s Pass Holiday
Park expose typical TZ IIA / 1IB Otago Schist. As atrBnore Dam, the protoliths are mainly
sandstone and mudstone, with occasional horizons of pebbtistone. Original sedimentary
layering () is locally recognisable but is mostly transposed inteed-developed Sfoliation
defined by a cleavage that lies axial planarit®okl hinges in bedding. In places this cleavage is
paralleled by mm-thick quartz veins. The foliation in peli#inses is oblique to that in the matrix
mudstone, probably due to cleavage refraction.

Some thicker quartz veins are present. These can beddzetihged and disharmonically folded
into tight F, structures with near vertical hinge lines and steep Erling axial planes (Fig. 10).
These folds are then affected by a set of opgfolds with NE-SW striking axial planes. The
schist foliation affected by thes;Rolds is sometimes smoothly deflected, but at other tises
fractured, indicating this deformation occurred under canitfavouring brittle behaviour.

The schist lineation, defined by stretched conglomerate @gbtdkes c. 60°W on near vertical,
NW-SE striking foliation planes. The lineation is pagbllo the dominant Ffold hinges; an
observation also common elsewhere within the OtagosSdhi TZ Il schist elsewhere in this
area, deformed conglomerate pebbles indicate shortenmgb0f6 with development of a plane
strain to slightly oblate strain ellipsoid (Norris &sBop, 1990).

Figure 10: Lozenging and disharmonic folding of
variable thickness chloritic quartz veins, Maraewlren
River. Field book is 20cm long. Viewed towards the S.

Swarms of quartz veins up to a few cm thick occur througtiitoutcrop. These are mostly
regularly orientated, with NE-SW strikes and moderaié tps. Some are planar features while
others are folded and boudinaged. Some exploit the weak pleges of g kink folds (Fig. 11).
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Figure 11: Quartz tension gash parallel to the hinge plane
of a kink fold, Maraewhenua River. Field book is 20cm
long. Viewed towards the N.

Microscopically the schist can be seen to have beemedefiom similar rock types to those at
Benmore Dam (compare Figs. 4 and 12). Both sandstone andomeidstotoliths show a
throughgoing foliation or cleavage. Graded bedding may @t/ be recognised, especially in
mesoscopic fold hinges. Metamorphic temperatures of sofesamorphism here are crudely
bracketed by the Frey et al. (1991) temperature limits fongallyite-actinolite facies of 210-
310°C. Thus, unlike the Benmore Dam sandstones, the Tortadseat this locality passed into a
ductile deformational regime deeper in the Mesozoic tioo@y wedge before being exhumed
in the Cretaceous beneath the Waipounamu Erosion Surface

Figure 12a

Image of thin section of
TZIIA-B schist P62281
from near the Maraewhenya
River fieldtrip stop.

Rock is mix of detrital and
neometamorphic minerals.
Thin section cut
perpendicular to lineation.
Plane polarised light, imag
width 2mm

1%
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Figure 12b
Same rock as above but thjn
section cut parallel to
lineation.

Note pressure solution
beards on detrital grains are
far more prominent than in
lineation perpendicular
view.

Plane polarised light, imag
width 2mm

D

Microstructures show that the foliation developments vassociated with solution transfer
processes, perhaps accounting for all or some of theialatethe quartz vein arrays. Indications
of penetrative strain are more prominent in sectionalleaito the pebbles stretching lineation
than perpendicular to it (Fig. 12) . This raises the questfowhich Otago Schist mesoscopic
structures - lineation or folds - have the most regi&mamatic significance.

As at Benmore Dam, the presence of veins and vein swaroonsistent with movement of

abundant silica-bearing fluids through fracture networkihiwithe rock mass. However, the

metamorphic grade under which the schists at Maraewhenuadegérmed is higher, and it is

likely that syn-deformational permeability, controlled fhyid movement on grain boundaries

during crystal-plastic deformation, was lower. In sanitextural and metamorphic grade Otago
Schists on the shores of Lake Hawea, Cox (1993) obsehatdntass was conserved at the
outcrop scale, and extremely large fluid/rock ratiosewrot required in order for textural

reconstitution to occur.

Participants are invited to puzzle out the full historydeformation (folds, fabrics, quartz veins
etc) in the schist outcrop. A bottle of wine will beepented to the person who gives the most
convincing and comprehensive analysis of the deformation segue

5:45pm
Arrive at Burnside Historic Homestead for BBQ dinner, or continue on to Oamaru.
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