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ABSTRACT

Hanmer basin (10 X 20 km), located in
northern South Island, New Zealand, is
evolving where two major segments of the
dextral strike-slip Hope fault are projected
to converge across a 6- to 7-km-wide releas-
ing step-over. The structural geometry and
development of Hanmer basin does not con-
form to traditional pull-apart basin models.

The respective fault segments do not
overlap but are indirectly linked along the
southwest margin of the basin by an oblique
normal fault. The Hope River segment ter-
minates in an array of oblique normal faults
along the northwestern basin range front,
and east-west-striking normal faults on the
west Hanmer Plain. Faulted Holocene allu-
vial-fan surfaces indicate west Hanmer ba-
sin is actively subsiding and evolving under
north-south extension. The Conway seg-
ment along the southeastern margin of the
basin terminates in a complex series of ac-
tive fault traces, small pop-up ridges, and
graben depressions. Early basin-fill sedi-
ments of Pleistocene age are being folded,
elevated, and dissected as the eastern part
of Hanmer basin is progressively inverted
and destroyed by north-south contraction.

The north margin of the basin is defined
by a series of topographic steps caused by
normal faulting outside of the area of the
releasing step-over. These normal faults we
interpret to reflect large-scale upper crustal
collapse of the hanging-wall side of the
Hope fault.

New seismic reffection data and geologic
mapping reveal a persistent longitudinal
and lateral asymmetry to basin develgp-
ment. Four seismic stratigraphic sequences
identified in the eastern sector of the basin
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thicken and are tilted southward, with in-
sequence lateral onlaps occurring to the
north and east, and also onto basement
near the fault-controlled basin margins.
The basin depocenter currently contains
>1000 m of sediment adjacent to the south
margin and is disrupted by faulting only at
depth. In the western part of the basin, the
sediment fill is thinner (<500 m) and is in-
tensely faulted across the entire basin
width.

Today the rate of basin deepening under
transtension at the western end is matched
by its progressive inversion and destruction
under transpression in the eastern sector,
with the oldest basin fill now being recycled.
We propose a hybrid model for Hanmer
strike-slip basin, one in which geometric el-
ements of a fault-wedge basin (downward
and upward tipped, spindle-shaped ends)
are combined with those of a pull-apart ba-

sin (step-over region between the major
fault segments). We also conclude that
changes in fault geometry (releasing and re-
straining bends and step-overs) at a variety
of scales and over short distances control
the development of the extensile and con-
tractile parts of the basin and three-dimen-
sional basin asymmetry. Strain partitioning
is complex and cannot be related simply to
focal 1eor1entat10n of the regional stress
field.

INTRODUCTION

The Hanmer basin in northern South Ts-
land, New Zealand, is evolving at a 6- to
7-km-wide releasing step-over between e
echelon segments of the dextral strike-slip
Hope fault (Figs. 1 and 2). The basin has
been frequently cited in the international lit-
erature as one of the best examples of a
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Figure 1. (A) New Zealand plate boundary setting. HM, Hikorangi Margin oblique
subduction zone; AF, Alpine fault; B, region of the Marlborough fault system depicted in
Figure 1B. Bold arrow is plate motion vector after de Mets and others (1990). (B) Marl-
borough fault system and location of Hanmer basin. Hope fault segments: H, Hope River
segment; C, Conway segment. Arrows denote sense of relative horizontal displacement, and
letters (U = up; D = down) sense of vertical displacement. Bold arrow represents plate
motion vector (after de Mets and others, 1990).
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Figure 2. (A) Structural setting of Hanmer basin at the step-over between the Hope River and Conway segments of the Hope fault. Shading indicates
elevated mountainous terrain. Averaged strike of segments is annotated. Bold arrow indicates relative plate motion vector (after de Mets and others, 1990).
LG, Lake Glynn Wye Graben; PG, Poplars Graben. (B) Geologic and geomorphologic map of Hanmer basin. GG, Gabriels Gully; HP, Hanmer Plain;
KS, Karaha Station; M, Marchmont Station; MS, Medway Station; TB, pop-up ridge or bulge; T, glacial outwash terrace; WS, Woodbank Station.
Dashed/broken lines indicate projected and/or inferred continuation of structures.
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structural depression, conforming closely to
traditional pull-apart basin models (Schu-
bert, 1980; Reading, 1980; Aydin and Nur,
1982, 1985; Mann and others, 1983;
Christie-Blick and Biddle, 1985; Sylvester,
1988). We present here newly acquired seis-
mic reflection data and detailed geologic
mapping that reveal a strongly asymmetric
longitudinal and transverse basin geometry
and deformation extending well outside the
immediate step-over width. The new data
reveal a structural geometry conflicting with
published interpretations of Hanmer basin
as a “classic™ pull-apart.

Structurally controlled rhombic and lazy-
z-shaped depressions ajong major strike-slip
faults are usually interpreted using well-es-
tablished theoretical and empirical pull-
apart basin models (for example, Crowell,
1974a, 1974b; Rodgers, 1980; Mann and
others, 1983; Christie-Blick and Biddle,
1985; Aydin and Nur, 1985). Such basins
evolve progressively at releasing step-overs
or bends between major en echelon strike-
slip fault segments. Basin dimensions are
controlled by the perpendicular-to-strike
step-over width and the overlap of the
bounding fault segments. Secondary inter-
connecting normal and oblique normal
faults strike diagonally between the master
bounding faults, and it is across these that
basins are “symmetrically” extended. Freund
(1971) (see also Mann and others, 1933)
studied several basins along the Hope fault
and proposed a basin model in which the
master fault segments are not strike-parallel
but converge across the releasing step-over
or bend. In the case of Hanmer basin,
Freund also noted that the two strike-slip
fault segments do not overlap but are con-
nected by an oblique fault, facilitating grad-
ual opening and deepening at one end of the
basin, and shortening and uplift at the other.

Ben-Avraham (1992) and Ben-Avraham
and Zoback (1992) have noted that although
many small-scale pull-apart basins exist and
conform to the traditional interpretive mod-
els established in the literature, some larger-
scale basins do not fit easily into traditional
pull-apart models. In the latter case the ba-
sins are notably asymmetric, bounded by lin-
ear strike-slip fault segments along one
side of the basin and subparallel normal
faults along the other (Ben-Avraham and
Zoback, 1992). They explain partitioning
of strike-slip motion and transform-nor-
mal extension by local reorientation of the
regional stress field, with the minimum
stress direction rotated perpendicular to
the transform.
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Prior to our study, understanding of the
Hanmer basin was based on reconnaissance
geologic mapping (Cotton, 1947; Clayton,
1966; Freund, 1971), a few shallow drill
holes (Thompson, 1966), and analysis of
gravity ancmalies (Anderson, 1987). In this
paper we present analysis of newly acquired
seismic reflection data collected by the
former New Zealand Department of Sci-
entific and Industrial Research (DSIR)
{Wood, 1991; Bannister and others, 1992)
and recently completed detailed field map-
ping. These new data have allowed us to de-
velop an improved three-dimensional un-
derstanding of the basin structure and its
evolution. Our results are discussed in the
light of the alternative models for strike-slip
basin development, and we briefly consider
the implications of strain partitioning in a
transpressive plate boundary setting.

STRUCTURAL SETTING

The Hanmer basin formed on the Hope
fault. the southern and most active element
of the 80-km-wide Marlborough fault sys-
tem. This fault system is that part of the Pa-
cific-Australia plate boundary zone that
transects the continental crust of the north-
ern South Island, connecting the oblique-
slip Alpine fault along the west coast of
South Island (for example, Norris and oth-
ers, 1990) to the west-directed oblique sub-
duction zone offshore the east coast of
North Island and northeastern South Island
(for example, Lewis and Pettinga, 1993).

The Hanmer basin, as defined by the ex-
tent of Hanmer Plain, formed between the
right step-over of two Hope fault segments.
It is a spindie-shaped structural depression
measuring ~15 km long and ~7 km wide
(Fig. 2). The maximum dimensions of the
basin are greater, however, insofar as nor-
mal faults extend into the mountainous ter-
rain around the northern sides of the basin
and the eastern sector of the basin is ele-
vated and dissected. Accordingly, the max-
imum basin dimensions arc ~20 km by
~10 km.

Late Jurassic to Early Cretaceous
graywacke basement (Bishop and others,
1985; Bradshaw, 1989) forms rugged moun-
tains standing ~1 km above the basin. The
maximum vertical relief, summing the aver-
age elevation of the surrounding mountains
and an estimate of the basin fill thickness, is
~2 km. Freund (1971) used offscts of base-
ment rocks 1o estimate ~19 km of total
strike-parallel separation on the Hope fault.

The Hope fault changes strike acros:
Hanmer basin from 083° % 10° along the
Hope River segment west of the basin, tc
about 065° * 5° along the eastern Conway
segment (Fig. 2). Historically the Hope
River segment last ruptured coseismically in
1888 (Cowan, 1991), and it is clear from the
detailed report by McKay (1890) that rup-
ture was arrested at Hanmer basin. Paleo-
seismic studies completed in recent years
suggest that the Hope River and Conway
segments are seismically independent
(Cowan, 1990, 1991; Cowan and McGlone,
1991; McMorran, 1991; W, B. Bull, 1991,
personal commun.), indicating that a struc-
tural break exists across Hanmer basin.

The Hope River segment represents a
zone of transtension subparallel to the azi-
muth of the relative plate motion vector
(264° * 10°) (de Mets and others, 1990) and
defines a 30-km-long releasing bend within
the Hope fault zone (Cowan, 1991). Several
basins have evolved at self-similar releasing
bends and step-overs along this fault seg-
ment, ranging in width from several hun-
dred meters (Lake Glynn Wye Graben, Pop-
lars Graben) to >5 km (Hanmer basin)
(Fig. 2) (Clayton, 1966; Freund, 1971, 1974;
Cowan, 1990). In this context Hanmer basin
represents a major segment boundary
(Cowan, 1991).

The main surface trace of the Hope fault
is only partially preserved in the Hope-
Waiau river valley southwest of Hanmer ba-
sin. This is primarily because a restraining
bend of about 12° in the fault trace ~3 km
west of the basin projects the active trace
northeast across the valley floor and active
flood plain where it is concealed. At the
western entrance to the basin, the Hope
fault forms a complex splay zone adjacent to
the northwestern edge of the basin (Fig. 2).
Here fault scarps up to 8 m high offset flood-
plain terraces and alluvial fans. The main
fault trace extends across the entrance of
Long Gully, where oblique-slip displace-
ments have shuttered across stream chan-
nels, disrupting drainage and facilitating the
development of swamps. Farther to the
northeast the fault further splays, expressed
by several parallel-striking scarps, terminat-
ing in a series of horsts and grabens that
disrupt the lower slopes of the basin margin.
On the Hanmer Plain east of the Grantham
River, a series of sinuous east-west-striking
active normal faults bound several horsts
and grabens. The fault traces are discontin-
uous but connected by many step-over
ramps. Scarps are generally <4 m high but
have disrupted drainage, deflecting fan sed-
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iments to the east (Fig. 2). These active fault
traces are not mapped east of the Long
Gully fan, except for the most prominent
trace, which extends to Marchmont Station.

Remnant terraces underlain by outwash
gravel, which have yielded a late last glaci-
ation *C age (Suggate, 1965), are perched
about 60 m above the Waiau River and in-
dicate that an active oblique-slip(?) fault ex-
ists along the southwestern margin of the
basin, beneath the active flood plain of the
Waiau River, and may be linked to the Con-
way and/or Hope River segments.

The more linear Conway segment is ev-
idenced by a complex splay of active fault
traces along the southeast margin of Han-
mer basin (Freund, 1971; McMorran,
1991). Numerous releasing and restraining
bends and step-overs have been mapped
along this segment east of Hanmer basin
(Freund, 1971; McMorran, 1991). Near
the east margin of the basin, Pleistocene
gravel is folded in a series of anticlines
that plunge and diminish in amplitude to
the west-southwest (McMorran, 1991).
The southern and most pronounced fold
forms a 200-m-high ridge adjacent to the
Hope fault. Limited outcrop exposures in-
dicate that the folds persist to the east and
basement is deformed in congruence with
the Pleistocene gravel cover. The folds are
actively growing and propagating west-
ward to near seismic line 3, where a Hol-
ocene fan surface has been upwarped ~10
m across ~] km. A conservative estimate
of north-south shortening within a 3-km-
wide zone is ~5%.

The Hanmer fault is mapped as a series
of discontinuous active fault traces along
the northeast and northern margins of the
basin. Near Hanmer Springs it strikes
N110°E and five left-stepping en echelon
strands are associated with a complex 100-
to 200-m-wide zone of ground surface
warping. Despite its proximity to the ter-
minal fault splays of the Hope River seg-
ment west of Woodbank Station, there is
no direct surface connection between the
Hanmer fault and these splays. The sense
of displacerhent west of Hanmer Springs
appears to be oblique normal, based on
the trace sinuosity, development of minor
depressions, and the offset of fluvial chan-
nels. McMorran (1991) reported that the
projected continuation of the Hanmer
fault to the east margin of the basin coin-
cides with a major reverse-fault crushed
zone in basement, as well as the series of
west-plunging folds described above
(Fig. 2).
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BASIN FILL

Exposures of dissected Quaternary allu-
vial deposits are restricted to the eastern
and southeastern sectors of the basin. These
deposits include compacted, moderately to
poorly bedded, poorly sorted, and subangu-
lar to rounded, sandy, basement-derived
gravel and gravelly sand. Thin layers of in-
terbedded carbonaceous and diatomaceous
silt and silty clay are rarely present within
the gravel beds (Freund, 1971; McMorran,
1991).

Gravel exposed along the north bank of
the Hanmer River in the eastern part of the
basin, 300 m stratigraphically above the
basal unconformity, is tilted west at up to
22°, Correlations with the seismic data indi-
cate that they are some of the earliest sed-
iments deposited within Hanmer basin. Di-
agnostic fossils have not been collected. A
carbonaceous mud and peat horizon has
yielded a MC age of >45000 yr B.P.
(L. Brown. 1991, personal commun.). A 15-
cm-thick silt layer directly overlying this
carbonaceous horizon (McMorran, 1991)
contains the cold-water benthic diatom Pin-
nularia maior, which is associated with nu-
trient-poor. acidic waters, typically a swamp
environment (P. A. Broady. 1991, personal
commun.: Hawarth, 1991, personal com-
mun.). Our inferred paleoenvironment is a
pond formed on or between alluvial fans or
aflood plain of a braided river system during
a cold climatic period.

Aggradation terraces underlain by coarse
gravel outwash of the late last glaciation
(ca. 14000 yr B.P.) (Suggate, 1965)
(Fig. 2) are present along the south margin
of the basin, 60~70 m above the Waiau
and Hanmer Rivers. Near the Waiau
River outlet, these outwash gravels have a
4- to 8-m-thick interbedded sequence of
lacustrine sediment.

Large Holocene coalescing alluvial fans
extend across the entire Hanmer Plain from
cach of the major catchments along the
north and east sides of the basin. Sediments
are mostly derived from the graywacke base-
ment but along the east side are also canni-
balized from uplifted and deformed older
basin-fill sediments. The present-day depo-
center of Hanmer basin is located where the
various coalescing fans interfinger near the
southern edge (Fig. 2), giving rise to small
swamps in which silt, clay, and peat accu-
mulate. Peat deposits encountered at a 5.5
m depth in a drill hole near Hanmer Springs
have been dated at 13000 = 200 yr B.P.
(L. Brown, 1990, personal commun.).

SEISMIC DATA

A total of 38 km of multichannel seismic
lines were collected to investigate subsur-
face structure and sedimentation history of
the basin (Wood, 1991; Bannister and oth-
ers, 1992) (Fig. 3). Lines 1, 3, 4, and 5
(Figs. 4, 6, 7, and 8, respectively) run north-
south, nearly perpendicular to the major
mapped structures, and paralle] to the base-
ment dip direction. Line 2 (Fig. 5) runs east-
west, tying lines 1 and 3. Reflection events
within the scdimentary section are visible
below 1 s two-way time (TWT) in the south-
east part of the basin, near the Hope fault.
Interval velocities (derived from the stack-
ing velocities) increase from 1300-1500 m/s
at the surface to 3000~3500 ny/s at the base
of the sedimentary fill. The sediments ap-
pear as a thick, well-stratified sequence of
reflectors in the eastern part of the basin.
They are thinner and more disrupted by
faults at the west end of the basin. On the
north-south lines the reflections are fairly
continuous, only locally disrupted by in-
ferred channels. The east-west-trending
line 2 shows a much greater variability in
reflection character. The line is subparallel
to structures and inferred palcodrainage,
and it is difficult to distinguish between the
effect of faults and facies changes.

We have divided the sedimentary section
for the east basin into four seismic se-
quences on the basis of their reflection char-
acter and lateral distribution.

Sequence 1 (S1)

Sequence 1 is a basal sequence of rela-
tively low-frequency, parallel reflectors with
little divergence toward the Hope fault.
These reflectors onlap basement to the
north. The dip of the deepest reflectors
changes abruptly in several places, suggest-
ing disruption by basement faults.

Sequence 2 (82)

This overlying sequence thickens mark-
edly southward and has signs of fan deposi-
tion and/or deformation adjacent to the
Hope fault. The reflectors appear disrupted
to chaotic. The sequence thins and onlaps
basement to the north.

Sequence 3 (S3)
The next youngest sequence has good re-

flector continuity and only moderate thick-
ening toward the south basin margin (line 1,

Geological Society of America Bulletin, November 1994
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Figure 3, Sketch map of Hanmer basin depicting location of seismic reflection lines 1-6 with common depth point numbers. LP, Leslie
Pass Road; MK, McKays Road; RR, Roche Road.
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Figure 6. Seismic reflection line 3 migrated section with line interpretation. S1-S4, seismic sequences referred to in text.

Fig. 4) and marked thickening toward the
center of the basin (line 2, Fig. 5). Channels
may occur throughout the sedimentary sec-
tion but have only been recognized in this
sequence near the Hope fault (line 3, Fig. 6)
and above the sharp basement drop to the
north (line 1, Fig. 4). Sequence 3 extends
beyond the north end of line 1.

Sequence 4 (S4)

The youngest sequence is higher in fre-
quency and less continuous in appearance
than the older units. It thickens to the south
(line 1) and west (line 2). Channels associ-
ated with the present streams are evident,

14606

and a swamp at the north end of line 1 may
be fault controlled.

Data from the west end of the basin (line
5, Fig. 8) indicate a much thinner basin fill,
too disrupted to correlate with the seismic
sequences established for the east end.
Changes in seismic character on line 5 per-
mit subdivision of the sedimentary section
into two units (Fig. §). Both units thicken
toward the south basin margin. Onlap rela-
tionships cannot be picked confidently, but
the upper unit in particular may show signs
of truncation and erosion at the north end of
line 5.

Basement is not well imaged on the sec-
tions. In the deeper parts of the basin (lines

1,2, and 3) this could be due to the relatively
short offsets and limited source energy, but
that should not be a problem to the north or
west where basement is within a few hun-
dred meters of the surface or where a dy-
namite source was used. It is possible that
the lack of reflectivity is due to paleoweath-
ering or pervasive fracturing of the gray-
wacke. It is unknown to what extent paleo-
relief on basement may be influencing the
quality of the seismic data.

Faults are difficult to interpret but are
usually steep and have a variety of styles,
from normal in the west (line 5) and north
(lines 1 and 4), to reverse, (?)oblique re-
verse, and (7)oblique strike slip in the south-

Geological Socicty of America Bulletin, November 1994
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Figure 7. Seismic reflection line 4 migrated section with line interpretation. SI-84, seisniic sequences referred to in text.

east part of the basin (lines I and 3). In the
east part of the basin active faults are con-
fined to the basin margin, whereas in the
west they are distributed across the entire
basin Hoor and adjacent mountain range
front.

Gualogical Sucicty of Ametica Bulleting November 1994

TRANSPRESSION: EAST AND
SOUTHEAST HANMER BASIN

The eastern part of the basin is undergo-
ing north-south shortening. The Conway
segment of the Hope fault strikes in a more

northward direction than the Hope River
segment (by ~207), resulting in convergent
strike slip. The main fault zone is narrow at
depth, but faults splay and branch outward
as they near the surface. Folds affecting both
basement and basin lill are propagating

1467
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southwest into the basin in response to re-
verse and/or thrust fauiting at depth. An as-
sociated network of discontinuous strike-
slip faults and diverging reverse faults is
common.

Active fault traces are confined to the
southeast margin of the Hanmer basin
(Freund, 1971; McMorran, 1991). The main
strand of the Hope fault is partly concealed
beneath the Hanmer River flood plain, but
discontinuous traces are preserved on ter-
races near the cntrance to the Waiau River

1468

gorge. East of seismic line 1 several discon-
linuous subsidiary faults splay to the west-
northwest from the main trace. These faults
dip steeply and are difficult to delineate be-
cause they strike parallel] to local degrada-
tional terrace risers and may therefore be
fluvially modified.

Seismic line 1 crosses the Hope fault zone
at the southeast margin of Hanmer basin
(Fig. 4). Basement crops out on the south
side of Hanmer River (common depth point
[CDP] 1340~1360) and is traced on the seis-

mic profile into the fault zone. Within the
fault zone resolution of basin-fill seismic se-
quences is poor because of the numerous
steeply dipping outward-branching fault
splays. We have interpreted four fault
strands that project close to the surface
(Fig. 4). The northern splays appear to be
high-angle south-dipping reverse or oblique
reverse faults.

Freund (1971) identified a prominent
bulge (or pop-up ridge in the terminology of
Biddle and Christic-Blick, 1985) adjacent to

Geological Society of America Bulletin, November 1904
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and south of the main fault trace, east of
éeismic line 1 on the north bank of the Han-
‘mer River (Fig. 2). Its projected position is
centered between the two northernmost ma-
jor splays of the Hope fault zone (CDP
1200-1225, Fig. 4). The doubly plunging
ridge warps the highest surface equivalent to
the Hanmer Plain to a maximum height of
25-30 m and is >2 km long. Low terraces
immediately to the west of seismic line 1 are
unaffected by the fault. The pop-up dies out
to the east before reaching seismic line 3
(Fig. 6), but its projected position lies be-
tween CDP 550 and 575 in line 3. Seismic
line 1 suggests that the fault steps over ~100
m on a number of small faults. Faulting has
disrupted basin fill at progressively greater
depth to the north (line 1), suggesting coeval
sedimentation and faulting at the basin
margin.

Seismic line 3 (Fig. 6) also crosses the
Hope fault at the southeast margin of the
basin, ~2 km east of line 1. Basement crops
out on the south side of Hanmer River but
is not imaged in the profile. The Hope fault
zone is similar in its appearance on this seis-
mic section, with several major strands
branching upward and outward near the sur-
face. On both lines the recent faulting is re-
stricted to the vicinity of the main fault
trace; the splay faults mapped at the surface
and seen on the seismic data do not extend
far north into the basin.

On line 3 the basin-fill sequence is open
folded, inferred to result from reverse or
thrust faulting at depth. The anticlinal crest
is located at about CDP 400, and this cor-
relates well with the projected continuation
of the southernmost fold mapped farther
east by McMorran (1991). The surface ex-
pression of this fold indicates it plunges and
dies out west of line 3.

All four seismic sequences are folded con-
gruently, but S2 has been eroded and onlaps
S1 south of CDP 400, reflecting an earlier
phase of folding closer to the Hope fault
zone. We have interpreted a channel at this
unconformity. The units on line 3 do not
noticeably thicken toward the Hope fault as
they do on line 1. ’

Seismic line 2 (Fig. 5) is the only east-west
profile, approximately paralle]l to geologic
structures in the basin. No major structural
complications are recognized in linc 2. We
were unable to identify a busement reflec-
tion, and at the west end of the profile the
greatest stratigraphic thickness for basin fill
is imaged to >1 s TWT. Seismic sequences
S1 and S2 appear (o be parallel stratificd,
whereas S3 and S4 wedge out to the east,
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although evidence for onlap is only seen
clearly in S4. Minor onlap of S2 at the east-
ern end is possible.

In summary, west from Hossack Station
to Hanmer basin the Hope fault becomes a
braided system of discontinuous active fault
traces and zones of warping and tilting as-
sociated with a wide crushed zone in base-
ment. The structurally controlled geomor-
phologic expression of deformation within
this zone highlights local complexities, with
numerous small step-overs and bends, char-
acterized by the development of pop-up
ridges and graben depressions. Interpreta-
tions from seismic lines 1 and 3 reveal up-
ward and outward branching faults (similar
to those described by Wilcox and others,
1973) across a 1-2 km zone of deformation,
agreeing well with the field mapping data.
The three-dimensional style of deformation
indicated is similar to a palm tree structure
(compare with Sylvester and Smith, 1976;
Sylvester, 1988). In Hanmer basin faults and
folds with surface expression splay away
from the main fault zone in a more north-
west direction, dying out within ~1 km.

The termination of the Conway segment
is not clear. The smali splays in Hanmer ba-
sin may represent an extensile fan (compare
with Woodcock and Fischer, 1986), in which
case the fault segment beneath the Waiau
River would connect the two main fault
segments and, as interpreted by Clayton
(1966), act as a releasing bend: Alterna-
tively, the Conway segment may continue
along the south margin as a complex zone
of small step-overs and curve to the north-
west, dying out as the strike of the fault
changes, the strike-slip displacement de-
creases, and the normal displacement in-
creases (for example, Reading, 1980; Roy-
den, 1985).

PASSIVE: NORTHEAST
HANMER BASIN

Basement crops out ~250 m beyond the
north end of line 1. On both lines 1 and 4
basement initially slopes from north to
south and is offset by minor normal faults,
and then it drops away sharply into the ba-
sin. The strike of the basement step is not
related to the Hanmer fault; on line 4 the
basement step occurs near the Hanmer
fault, but on line 1 it is near CDP 600, south
of the Hanmer fault. Vertical offsets on in-
dividual faults may be as much as several
hundred meters, but the basement dip is
much less than along the south margin.
Gravity data collected along linc 4 support

this interpretation (Anderson, 1987; A.
Hull, 1991, personal commun.).

Seismic sequences 1-4 progressively on-
lap northward onto basement and indicate
gradual enlargement of the basin floor sed-
imentary “sump.” In line 1, sequence S2
thickens to the south and clearly onlaps
northward onto sequence S1 and basement,
and seismic sequence S4 has a similar rela-
tionship to S3.

The seismic sequence correlation to line 4
is tentative because no direct tie exists to
other lines. This does not affect the inter-
pretations we propose, as the thickness and
onlap rclations are the same.

Thickness variations of the seismic units
across the faults at the northern side of the
basin are best interpreted as indicating some
component of strike-~slip displacement on
these faults (see, for example, line 1 CDP
325). Field mapping along the Hanmer fault
zone to the west near Hanmer township in-
dicates that the Holocene displacement his-
tory has been oblique normal but is compli-
cated by a series of left step-overs in the
surface trace of the fault.

On line 1 between CDP 250 and 330,
swampy ground decreased data quality and
we consider some of the downward deflec-
tion of reflectors to be an artifact of data
processing. The presence of the topographic
depression at the surface probably indicates
deeper-seated fault control.

We have interpreted the faults between
CDP 400 and 500 on line 1 as the extension
of the Hanmer fault. The Hanmer fault may,
however, step-over farther to the northeast
where Freund (1971) mapped an active
trace and connected it with a zone of fault-
ing and associated crushed bedrock near
Hossack Station identified by McMorran
(1991) as the possible continuation of the
Hanmer fault.

TRANSTENSION: WEST
HANMER BASIN

West Hanmer basin is undergoing north-
south extension. We infer that the Hope
River segment terminates as a series of ex-
tensional splays near Woodbank Station
(Fig. 2). The well-preserved fault scarps and
historical record provide evidence of re-
peated Holocene rupture.

Another segment of the Hope fault lies
beneath the active flood plain of the Waiau
River along the southwest margin of the ba-
sin. As discussed above, this may be (1) the
termination of the Conway segment, (2) a
southern splay of the Hope River segment.
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Figure 9. Present-day tectonic setting of Hanmer basin and Hope fault segmentation. KF,
Kakapo fault; CS, Conway segment; HRS, Hope River segment; HB, Hanmer basin (bold
arrow indicates relative plate motion vector; after de Mets and others, 1990); EWD, ex-
tensional western domain; CED, contractional eastern domain; k.y., thousands of years.
Dot shading represents basin-fill sedimentation; hatching covers area of basin inversion.
Range of determined late Pleistocene/Holocene average slip rates for each segment are
indicated in boxes (based on Cowan, 1989, 1990; Yang, 1991; van Dissen, 1991; McMorran,

1991; W, B. Bull, 1991, personal commun.).

or (3) a short, separate segment accommo-
dating slip transfer between the two major
segments. Like Freund (1971), we consider
most of the deformation in the west part of
the basin to be occurring on this short con-
necting(?) fault as oblique dextral strike slip.
Line 5 reveals the structure beneath the
western end of the basin. Basement is well
imaged as a strong reflector in this line, with
a high velocity contrast between the base-
ment and sedimentary fill. Basement crops
out at the north end of line 5 and the south
end of line 6. The basin-fill sequence is much
thinner than at the east end of the basin,
reaching a maximum of 400-500 m near
CDP 400 on line 5. Several active fault
traces may be correlated with faults inter-
preted on line 5. Numerous faults disrupt
the reflection sequences and displace base-
ment by tens of meters, creating a series of
east-west—trending horsts and grabens. At
the south end of line 5, a 200 m thickness of
low-velocity sediment suggests local subsid-
ence adjacent to the basin margin fault.
Line 6 was located to record reflections
from the basin margin fault plane, but re-
sults were disappointing. Anomalous arriv-
als and complex velocity structure did not
allow unambiguous interpretation. Our fa-
vored interpretation suggests that reflectors
terminate against a strong, dipping basal re-
flection. The data indicate basement at a
shallow depth beneath late Pleistocene out-
wash and grave] associated with a flight of
Holocene degradational terraces on the
south bank of the Waiau River, suggesting
that bedrock exposures elsewhere along the
southwest margin are continuous. Basement
appears to drop away sharply beneath the
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river itself, lending support to the inference
of a major fault beneath the river bed. The
vertical throw on this fault increases signif-
icantly to the east (see line 1), Remnant Jate
Pleistocene aggradation gravels 60 m above
the Waiau River on the southwest margin of
the basin limit the minimum throw on this
fault.

DISCUSSION
A variety of structural models for pull-

apart basins have been proposed based on
both field analogues (for example, Crowell,

"1974a, 1974b; Mann and others, 1983;

Hempton, 1983; Woodcock and Fischer,
1986; ten Brink and Ben-Avraham, 1989;
May and others, 1993) and laboratory-based
modeling (for example, Rodgers, 1980; Se-
gall and Pollard, 1980; Naylor and others,
1986; Hempton and Neher, 1986). These
studies highlight the complexity and individ-
uality of pull-apart basin formation and pro-
posed mechanisms for basin development.
Most studies describe basins forming at
step-overs or bends along strike-slip faults.
It has generally been assumed that this oc-
curs in accordance with “classical” faulting
theory (Anderson, 1951; Wilcox and others,
1973), where the direction of maximum hor-
izontal compression will lie between 30° and
45° to a near-vertical strike-slip fault.
Ben-Avraham (1992) and Ben-Avraham
and Zoback (1992) have suggested that
strain partitioning may govern development
of many large asymmetric basins that are
bounded by major strike-slip faults on one
margin and by normal faults on the other.
Such basins develop by extension normal to

the strike-slip fault, coeval with strike-slip
motion. This interpretation is in conflict
with the classical Mohr/Coulomb faulting
theory but may occur if the bounding strike-
slip fault is much weaker than the adjacent
crust (Ben-Avraham and Zoback, 1992).
The horizontal principal stresses in a rela-
tive convergent or divergent plate motion
setting would be reoriented approximately
parallel and perpendicular to the fault to fa-
cilitate minimum shear stress on the fault.
Ben-Avraham and Zoback (1992) conclude
that many strike-slip basins around the
world conform to this model, with respect to
both structural style and state of stress, and
that a fundamental characteristic of such ba-
sins is their asymmetry.

Clayton (1966) proposed that Hanmer ba-
sin formed at a simple releasing bend on the
Hope fault. Observations by Freund (1971)
led him to modity Clayton’s original model.
Freund noted that the bounding master
faults are not parallel but converge across
the basin and also do not overlap but may
connect by a short oblique fault segment
(Fig. 9). His model for basin evolution ex-
plains how extension and.shortening may
occur at opposite ends of a basin. Crowell
(1974a, 1974b) further elaborated on this,
describing the formation of fault wedge ba-
sins where strike-slip faults diverge and the
corollary situation when uplift of the tip of a
fault wedge occurs where strike-slip faults
converge (see Crowell, 1974b, Fig. 11).
Mann and others (1983) used Freund’s work
from Hanmer basin as one of a series of
pull-apart basin models. However, it must
be noted that there are significant differ-
ences between their model and the struc-
tures and structural geometry described in
this paper. Although the western end of
Hanmer basin broadly conforms to the ex-
tensional gap as proposed by Freund (1971)
and Mann and others (1983) (compare also
the downward tipped fault wedge of Crow-
ell, 1974b), the east end of the basin, with its
contraction and development of a pop-up
structure, does not. Freund related the
2-km-long narrow pop-up ridge to the over-
lap caused by the convergence of the major
fault strands. Mann and others (1983) noted
that the pop-up area occurs adjacent to but
outside of the converging major fault
strands. Our mapping and reinterpretation
of cast Hanmer basin has revealed a much
more extensive area of uplift and inversion
of older basin fill and basement graywacke
north of the Conway segment. Two factors
may be important in controlling the location
and extent of this contraction and uplift: (1)
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the northward dip of ~70° on the main
fault plane of the Conway segment east of
Hanmer basin and (2) the presence of a
wide fault zone of crushed and sheared
basement argillite and sandstone. South of
this main fault strand, thick-bedded
graywacke sandstone in the footwall re-
mains coherent, effectively forming a but-
tress against which the northern hanging-
wall block is being uplifted and deformed
by the converging strike-slip displacement.
The structural inversion affecting east
Hanmer basin resembles the upward-
tipped fault wedge of Crowell (1974Db);
however, there is an important difference
in that the master faults are projected to
converge across the basin but do not over-
lap and meet.

Freund (1971) concluded that because
the length of the basin appeared to be less
than the total offset on the Hope fault (19
km), the short oblique fault segment along
the southwest basin margin must have
evolved after motion on the Hope fault be-
gan. He argued against the formation of the
oblique segment as a connection between
propagating fault segments. Our revised de-
termination of basin length (20 vs. 15 km)
means that the step-over may have been es-
tablished at the time of Hope fault initia-
tion. Consequently we infer that the oblique
segment along the southwest basin margin
formed as a result of westward propagation
of the Conway segment.

The age of basin formation is not well de-
lineated. From structural and stratigraphic
evidence, Cotton (1947) and Clayton (1966)
concluded that the basin could be no older
than mid-Quaternary. Freund (1971) found
no Tertiary sediments and concluded that
sedimentation began near the beginning of
the Pleistocene.

Late Pleistocene and Holocene slip rates
(Fig. 9) for the Hope River segment (10-17
m/k.y., Cowan, 1989, 1990), and for the
Kakapo fault (6-12 m/k.y., Cowan, 1989;
Yang, 1991), agree broadly with slip rates of
about 20-35 m/k.y. for the Conway segment
east of the basin (McMorran, 1991; van Dis-
sen, 1991; and W. B. Bull, 1991, personal
commun.). An average slip rate of 20 m/k.y.
would imply that fault motion began ca.
1 Ma.

From these average deformation rates,
the limited age control provided by the *C
sample, and the cold climate indicated by
the diatom species, we infer an upper age
limit of mid- to late Pleistocene for the onset
of sedimentation within this part of Hanmer
basin.

Geological Society of America Bulletin, November 1994

The basement structure and onlap of seis-
mic unit 1 on line 1 suggests that an early
graben formed, followed by localization of
fault motion and asymmetric subsidence
along the south margin. Sediments onlap
basement to the north, indicating basin
growth in that direction. The fanning of sed-
imentary reflectors toward the Hope fault
shows that this is not due to increased sed-
iment supply but to continued tilting of the
basin floor about a hinge north of the basin.
Changes in thickness of the seismic units re-
flect changes in basin geometry, with the de-
pocenter migrating west along the basin axis
in response to episodic shortening and uplift
at the east end of Hanmer basin, and pro-
gressive deepening of the west half of the
basin.

The Hope River segment terminates as a
horsetail splay in the west part of Hanmer
basin. The Conway segment probably termi-
nates as the oblique segment along the
southwest basin margin, similar to the
model proposed by Reading (1980). This in-
terpretation could be tested by extending
seismic line 2 along the length of the basin
to look for basement structures subparallel
to the fault beneath the Waiau River and
further detail the westward “shingling” of
progressively younger basin fill.

Our preferred interpretation for present
basin dynamics (as depicted in Fig. 10) in-
volves a hybrid model in which geometric
elements of a fault wedge basin (downward
and upward tipped, spindle-shaped ends)
are combined with those of a pull-apart ba-
sin (step-over region between the major
fault segments). At the west end of the basin
the master bounding faults converge be-
neath the depression. The oblique-slip south
margin of the basin plays a dominant role
in basin evolution as is clearly reflected
by the basin-fill asymmetry, westward-
directed shingling, and long-term location
of the depocenter. The model as drawn
shows basin inversion at the east end of
the basin and progressive cannibalization
of older basin fill. We interpret the Han-
mer fault west of Hanmer Springs as a lis-
tric oblique normal fault forming the mod-
ern northern basin-floor margin. We infer
that the fault east of Hanmer Springs is
progressively affected by movement rever-
sal, in response to the transpressional set-
ting of east Hanmer basin. A series of
other listric normal faults north of Han-
mer Plain are reflected by the rising

_stepped topography of the Hanmer Range

(see Fig. 2). We show no preferred vertical
scale in our model, but it seems probable

that the master faults merge within the
seismogenic upper crust.

We see in seismic line 3 that north-south
contraction at the east end of the basin has
been episodic. Contraction and uplift began
after deposition of seismic unit 2. On line 1
units 1 and 2 show the greatest thickening
next to the Hope fault. On line 2 units 1 and
2 are nearly constant in thickness, and units
3 and 4 thicken toward the center of the
basin. The depocenter shifted west in re-
sponse to the onset of contraction and uplift.
Truncation of seismic unit 2 resulted from
this early phase of transpression. Overlying
units 3 and 4 show no onlap and only minor
thickening toward the Hope fault, reflecting
a period of localized quiescence or even
transtension. Deformation of these latter
units is due to a resumption(?) of transpres-
sive shortening adjacent to and north of the
main fault splay. We attribute these episodic
variations to local adjustments in master
fault geometry at depth.

The segmented Hope fault is subparal-
lel to the relative plate convergence direc-
tion (de Mets and others, 1990). Nicol and
Wise (1992) and Pettinga and Wise (1994)
have studied the upper Cenozoic and
modern stress field orientation across the
plate boundary zone of northern South Is-
land and concluded that simple strain par-
titioning and the presence of a weak fault
in a strong crust as envisaged for the San
Andreas fault (Zoback and others, 1987,
Ben-Avraham and Zoback, 1992) cannot
easily be applied to the Alpine and Marl-
borough fault system in New Zealand. The
structural evidence presented here for the
Hope fault and Hanmer basin suggests lo-
cal stress field conditions may be highly
variable and complex along strike of the
fault and may differ significantly from re-
gional stress field conditions. Pettinga and
Wise (1994) attribute the complex strain
partitioning and highly variable local
stress field conditions to the presence of a
semidetached crustal slab, where the
stresses within and immediately adjacent
to this slab are insulated and in part in-
dependent of the deeper motions and re-
gional stress conditions associated with
the oblique convergence of the Australian
and Pacific plates. Further discussion of
these concepts are beyond the scope of
this paper.

Our data indicate that strain partitioning
such as that suggested by Ben-Avraham
(1992) and Ben-Avraham and Zoback
(1992) is not occurring in Hanmer basin.
The occurrence of transpression and trans-
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Figure 10. Schematic block diagram of Hanmer basin depicting present-day steady-state
stage of evolution. Inferred position of Hope fault zone is indicated at depth by shading.

tension at opposite ends of the basin and the
temporal variation of transtension and
transpression at the east end of the basin
argue against this hypothesis. We conclude
that changes in fault geometry (releasing
and restraining bends and step-overs) at a
variety of scales and over short distances
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control development of the extensile and
contractile parts of the basin as well as lon-
gitudinal and transverse basin asymmetry.
However, Hanmer basin does not conform
to traditional simple models of pull-apart
basins but rather is an example of a broader
grouping of “hybrid” strike-slip basins.

SUMMARY AND CONCLUSIONS

1. Hanmer basin is evolving at a 67 km
releasing step-over along the 230 km dextral
strike-slip Hope fault. The two bounding
master fault segments do not overlap but are
connected by an oblique-slip fault along the
southwest margin of the depression, which is
probably the westward extension of the
Conway segment.

2. Basin formation probably began in the
middle Pleistocene, based on extrapolation
of average late Pleistocene slip rates, cli-
matic factors. and the faunal content of
sediments.

3. The depositional environment for the
basin-ill sequence is inferred to be analo-
gous to that of the present day and includes
distributary alluvial/fluvial fan systems char-
acterized by sandy gravel and peat, silt, and
clay deposits associated with swamps and
ponded areas. Late Pleistocene glacial de-
posits indicate lacustrine conditions may
have prevailed over parts of the basin from
time to time, also.

4. The eastern part of Hanmer basin is
undergoing transpression, with sequence in-
version occurring in response to north-south
shortening caused by the projected conver-
gence in strike of the master fault segments
across the basin, The Conway segment along
the southeast margin of the basin forms a
complex series of diverging oblique reverse
fault splays and associated folds. In seismic
reflection profiles the fault zone geometry is
that of a palm-tree structure. A well-strati-
fied sequence >1 s TWT thick fills the east
and central parts of the basin. Four seismic
stratigraphic units are identified that show
migration of the basin depocenter and vari-
ation in motion on the Conway segment. Ba-
sin flll is asymmetric, with >1 km of sedi-
ments along the south side of the basin,
thinning and wedging to the north, and shin-
gled to the west.

5. The west part of the basin is under trans-
tension, actively subsiding in response to
north-south extension. The Hope River seg-
ment terminates in a complex extensional
horsetail array of faults. The basin fill at the
west end of the basin is <500 m thick and
strongly disrupted by active normal and
oblique normal faults widely distributed
across the basin and adjacent northwest
range front. The seismic sequences estab-
lished for the eastern part of the basin could
not be identified with certainty on these
lines.

6. The north margin to the basin extends
4—6 km beyond the arca of the releasing
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step-over and is defined by a series of topo-
graphic steps on the south flank of Hanmer
Range, caused by south-facing listric(?) nor-
mal faults, These normal faults we interpret
to reflect large-scale upper crustal collapse
of the hanging-wall side of the Hope fault.
7. We propose a hybrid model for Han-
mer strike-slip basin, one in which geomet-
ric elements of a fault wedge basin are com-
bined with those typical of a pull-apart
basin. Our interpretation of basin evolution
modifies the model first proposed by Freund
(1971), in which extension and shortening
may occur at opposite ends of the basin. Ba-
sin formation began with an initial graben
and evolved as the two major en echelon
fault segments propagated and became in-
directly linked by the short oblique-slip fault
along the southwest margin, so providing for
much of the slip transfer between the two
master faults. As a consequence, basin sub-
sidence is concentrated adjacent to the
southwest margin, leading to progressive
asymmetric deepening of the basin, a situa-
tion analogous to a basin evolving at a re-
leasing bend along a major strike-slip fault.
"8, Hanmer basin today has cvolved to
what we believe is a more or less steady
state, with the rate of basin development in
an extensional western domain matched by
its progressive inversion and destruction in a
contractional eastern domain. Changes in
fault geometry, including releasing and re-
straining bends and step-overs at a variety of
scales, have controlled these extensile and
contractile domains. Strain partitioning is
complex and cannot be simply related to the
reorientation of the regional stress field.
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