Characterisation of late Quaternary displacements on
the Waitangi Fault at Aviemore Dam, New Zealand
D.J.A. Barrell, R.J. Van Dissen, K.R. Berryman, & S.A.L.
Read
Institute of Geological & Nuclear Sciences Ltd., New Zealand
2005 NZSEE
Conference

ABSTRACT: Aviemore Dam was constructed across the Waitaki River valley in the
mid-1960s. The dam straddles the steeply WSW-dipping Waitangi Fault. At the time of
construction, no evidence of late Quaternary movement was documented on the fault.
However, in the mid 1990s, dam safety review investigations unearthed evidence of late
Quaternary deformation, and this led to the detailed paleoseismological investigations
that are summarized here. The investigations documented two, and possibly three, surface
rupture fault movements on the Waitangi Fault in the last c. 23,000 years, with the most
recent movement between 13,100 and 14,100 years ago. These ruptures were located up
to 10 m west of the bedrock fault that juxtaposes Mesozoic- and Tertiary-age rocks
(respectively east and west of the fault), and had single-event vertical separations in the
range of 0.5 m to 2.0 m. Slickenside-lineations, and other slip indicators, show oblique
right-lateral – reverse movement along the fault in the late Quaternary with horizontal (H)
to vertical (V) ratios of displacement in the range of 1H:3V to 1H:1V, suggesting net
single-event surface-rupture displacements in the range of 0.53 m to 2.9 m. In addition, a
zone of “small-scale” late Quaternary faults and folds extends up to at least 150 m west of
the Waitangi Fault. The fault displacement characterisations documented here were
subsequently used to derive earthquake performance assessments for the dam, and to
evaluate dam safety under direct fault rupture loadings.
1 INTRODUCTION
Aviemore Dam was constructed across the Waitaki River valley in the mid-1960s (Figs 1, 2). The dam
straddles the Waitangi Fault, which has an upstream/downstream strike (NNW-SSE), and dips steeply
to the true right (WSW). The design of the c. 50 m high dam reflects the contrasting foundation
conditions on either side of the Waitangi Fault, with a 340 m long concrete dam founded on hard
jointed Mesozoic-age greywacke east of the fault and an adjoining 350 m long earthfill embankment
to the west founded on relatively soft Tertiary-age sediments (claystone, sandstone, coal) and a zone
of sheared greywacke adjacent to the fault. No evidence of late Quaternary movement was
documented on the Waitangi Fault during construction. However, dam safety review investigations in
the mid-1990s found evidence of late Quaternary deformation on the fault. This prompted a suite of
detailed paleoseismological investigations, which are the primary focus of this paper. The
investigation results were subsequently used to derive earthquake performance assessments for the
dam, and to evaluate dam safety under direct fault rupture loadings (e.g. Mejia et al. 2005, Walker et
al. 2004).
To characterise the recent movement history of the Waitangi Fault, a total of 10 trenches were
excavated across the fault and other “small-scale” faults and folds within alluvial terrace deposits up to
1 km downstream of the dam (Figs 2-5). The largest trench was up to 10 m deep and 180 m long (Fig.
4). We also carried out geological mapping of surface exposures and landforms. Detailed logging of
the trench exposures (typically at 1:20 scale) documented the stratigraphy of late Quaternary deposits
and the locations, amount and sense of slip of the most recent fault displacements. Over 40 samples
were dated to constrain the timing of past fault movements, using, where possible, at least two
different methods of luminescence, and complemented in a few instances by radiocarbon (e.g. Fig 6).
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Figure 1: Location and geological setting of the Mid-Waitaki area and Aviemore Dam.

The purpose of this paper is to summarise the geological evidence for previous fault ruptures along
and immediately adjacent to the Waitangi Fault at Aviemore Dam, and to quantify the displacement
characteristics of those ruptures (e.g. the size and direction of fault movements, how long ago the most
recent movements took place, and how frequently they have occurred). This information is taken from
paleoseismological investigations that are documented in detail by Barrell et al. (2002).
2 LATE QUATERNARY FAULT DISPLACEMENT CHARACTERISTICS
The key geological feature downstream of Aviemore Dam (Fig. 2) is an extensive terrace formed by
the Waitaki River. The terrace stratigraphy comprises a river-eroded surface cut across the greywacke
and Tertiary bedrock (“bedrock strath”), overlain by up to several metres of rounded alluvial gravels
(“Aviemore alluvial deposits”). In places, finer-grained alluvial fan sediments (“fan alluvium”),
colluvium, or windblown loess overlie the Aviemore alluvial deposits. The offset and deformation of
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the bedrock strath and its overlying sediments (e.g. Figs 3-5), along with information on the ages of
the sediments (e.g. Fig. 6), is the primary evidence for the location and displacement characteristics of
the most recent surface fault ruptures immediately downstream of Aviemore Power Station.

Figure 2: Locations of fault investigation trenches near Aviemore Power Station. The Cenozoic (i.e. bedrock)
trace of the Waitangi Fault passes through the dam foundations. Late Quaternary faulting is inferred to have also
extended through the dam foundation area.

2.1 Late Quaternary displacement characteristics of the Waitangi Fault
2.1.1 Location of most recent displacements on the Waitangi Fault
Everywhere that we exposed and examined the Waitangi Fault near Aviemore Dam (Fig. 2), we found
late Quaternary displacements associated with the fault. The late Quaternary displacement coincides
with the greywacke-Tertiary bedrock fault contact in trench T99/5. Immediately north of trench T99/5
towards the dam, the most recent displacements have diverged west into Tertiary bedrock, but still lie
within c. 5 to 10 m of the bedrock fault (trenches T00/3 and T01/1, Figs 3-5). Because every exposure
of the Waitangi Fault downstream of the dam revealed late Quaternary displacement, it is highly likely
that late Quaternary surface ruptures extended through the area now occupied by the dam.
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Figure 3: Log of west wall of trench T00/3. Faults 1 and 2 show contrasting displacement histories, and allowed
us to confidently estimate the sizes of the two most recent, single-event, surface-rupture displacements on the
Waitangi Fault at this locality.

2.1.2 Sense of late Quaternary displacement on the Waitangi Fault
A variety of fault slip indicators on the Waitangi Fault indicate horizontal (H) to vertical (V) ratios of
displacement ranging from 1H:4V to 2H:1V. The most reliable of the slip indicators (slickenside
lineations) show that dip-slip is predominant over strike-slip. We consider that during late Quaternary
time, the Waitangi Fault is best characterised as an oblique right-lateral – reverse fault with a ratio of
displacement in the range of 1H:3V to 1H:1V, with relative upthrow, west-side up, on vertical to
steeply (≥70°) W-dipping, NNW-striking slip surfaces.
2.1.3 Rate of Late Quaternary displacement on the Waitangi Fault
Barrell et al. (2002) calculated a number of minimum and maximum values of slip rate on the
Waitangi Fault at each trench where we were able to date the deposits. Uncertainties exist in the
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measurement of both the amount of offset and the age of offset. Accordingly, we calculated a
minimum slip rate at each location using the smaller bound of the offset estimate and the older bound
of the age estimate. Similarly, we derived the maximum slip rate from the larger bound of the offset
and the younger bound of the age. The fastest minimum rate and the slowest maximum rate provide
useful constraints on the true fault slip rate. The fastest minimum vertical slip rate calculated for the
Waitangi Fault is c. 0.1 mm/yr. This is based on the minimum vertical deformation (c. 2 m) and
preferred age (c. 21 ka; 1 ka = 1000 years before present) of the base of a prominent, faulted, sand-bed
in trench T99/5. The slowest maximum vertical slip rate is c. 0.2 mm/yr, based on the maximum
vertical separation (c. 4.5 m) and minimum age (c. 19 ka) of the bedrock strath surface in trench
T00/2. Our preferred vertical slip rate for the Waitangi Fault is thus 0.1 mm/yr - 0.2 mm/yr. This
implies a net slip rate in the range of 0.11 mm/yr – 0.29 mm/yr, adopting a steep fault dip of ≥70º and
a horizontal (H) to vertical (V) ratio of displacement in the range of 1H:3V to 1H:1V.

Figure 4: View west into trench T01/1 across the Waitangi Fault. The trench was 180 m long and up to c. 10 m
deep, and is probably the largest fault investigation trench yet excavated in New Zealand.

2.1.4 Size of single-event displacement(s) on the Waitangi Fault
In Trench T00/3 (Fig. 3), the two most recent surface-rupture movements of the Waitangi Fault broke
through on two separate (different) slip surfaces (faults 1 and 2). The youngest rupture of fault 1 is
older than the youngest rupture of fault 2, and does not appear to have involved rupture of fault 2. This
has allowed the size(s) of the two most recent single-event displacements to be measured with some
confidence at this locality.
Fault 1 provides a record of the penultimate surface rupture of the Waitangi Fault. Fault 1 has c. 0.5 m
of vertical separation offsetting the base of Aviemore alluvial deposits. Slickenside lineations have a
ratio of horizontal (H) to vertical (V) slip in the order of 1H:3V, indicating that the vertical motion
was probably accompanied by c. 0.1 m - 0.2 m of right-lateral horizontal displacement. These data
indicate a net surface-rupture displacement of about c. 0.6 m.
Fault 2 provides a record of the most recent surface rupture of the Waitangi Fault. Vertical separation
across fault 2 appears to be the result of a single surface rupture, and is at least 1.0 m, and possibly as
much as 2.0 m, if suspected warping within a zone up to 5 m west of the fault is taken into account.
Applying our preferred horizontal (H) to vertical (V) ratio of slip of 1H:3V to 1H:1V to the fault 2
single-event vertical displacement of 1.0 m - 2.0 m, implies at least 0.3 m, and possibly as much as c.
2.0 m of right-lateral horizontal single-event displacement. Net surface-rupture displacement could
therefore have been as much as c. 3 m during the most recent rupture.
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Figure 5: Log of south wall of trench T01/1. Late Quaternary displacement lies some 5-6 m west of the bedrock
fault contact between Mesozoic-age greywacke and Tertiary sediments. In this trench both the bedrock and late
Quaternary Waitangi Fault surfaces have a near vertical dip. The late Quaternary fault displaces Aviemore
alluvial deposits of c. 19-23 ka age, and not the overlying silts of early Holocene/late Pleistocene age.

In the other trenches that cross the fault, the most recent ruptures have broken through on a single slip
surface, and the sizes of individual single-event displacements are less well constrained. However,
available evidence from these trenches indicates that displacement sizes do not appear to be
incompatible with the range of values from trench T00/3.
2.1.5 Elapsed time since the most recent surface rupture of the Waitangi Fault
Over 40 luminescence and radiocarbon dates were obtained from trench exposures in the Waitangi
Fault investigation area. A variety of deposits were dated, including sediments that have not been
offset by faulting, and are therefore younger than the last fault rupture, as well as sediments that have
been offset by one or more fault movements, and are therefore older than these fault rupture(s). Our
preferred estimate for the timing of the most recent surface rupture on the Waitangi Fault is 13.1-14.1
ka (Fig. 6). While eight dates directly constrain this age range, the older error limits of the youngest
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faulted samples (samples #17 & /G), along with the younger error limits of the oldest unfaulted sample
(#21) define the boundaries of the range. The older end of the range is relatively stable, in that the c.
14 ka older-bound estimate is supported by three dates (#17, /G & #14). However, the younger end of
the range is sensitive to the results of a single date (#21) and elimination of this date from the group of
constraining ages lowers the younger bound of the age range to 10.7 ka (#22). These younger-bound
dates indicate that the Waitangi Fault has almost certainly not ruptured the ground since 10.7 ka, and
probably not since c. 13 ka.

Figure 6: Luminescence and radiocarbon dating results for trenches T99/5 and T01/1. The dates, which were
obtained from faulted deposits and unfaulted deposits, indicate that the most recent surface-rupture of the
Waitangi Fault occurred at between 13.1 ka and 14.1 ka.

2.1.6 Recurrence interval of surface-rupture earthquakes of the Waitangi Fault
Based on the trenching data and results of dating, the most recent surface-rupture of the Waitangi
Fault occurred at 13.1-14.1 ka. At least two, and possibly three, surface-ruptures have occurred since
c. 23 ka, based on the 2σ age range (19-23 ka) of Aviemore alluvial deposits, which have been offset
by at least two separate faulting events (e.g. trench T00/3; Fig. 3). This implies an average recurrence
interval of surface-rupture earthquakes of between approximately 6 k.y and 12 k.y (1 k.y = a time
interval of 1000 years). An important consequence of these results is that the inter-event times
between individual surface-ruptures of the Waitangi Fault have not been constant. At least c. 13 k.y
have elapsed since the most recent surface-rupture, but a maximum of only 10 k.y elapsed between the
most recent and penultimate ruptures. Also, it is possible that in the 10 k.y interval between c. 13 ka
and 23 ka, two surface ruptures may have occurred, which implies a possibility that inter-event times
could have been much shorter than 10 k.y.
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2.2 Late Quaternary displacement characteristics of “small-scale” deformation features
Exposures in five trenches in a zone up to at least c. 150 m wide, west of the Waitangi Fault, showed
“small-scale” movements on a number of minor NE– to NW–striking late Quaternary faults and/or
folds (Fig. 2). Movement on these features has been predominantly contractional, although an
extensional component has been observed in one trench. We know little about their sense of
displacement or timing of movements and consequently cannot derive slip rates for these deformation
features. However, given their small size, their slip rates are probably less than those of the Waitangi
Fault. In trench T01/1, a “small-scale” fault shows a single-event displacement of c. 0.7 m. Movement
of at least some of these faults and folds has occurred at least twice within the past c. 23 ka. It is not
clear how the movements on these faults/folds inter-relate with one another, or what temporal
association they may have with movements on the Waitangi, Fern Gully or Awahokomo faults.
3 CONCLUSIONS
The detailed paleoseismological investigations conducted on the Waitangi Fault, in the vicinity of
Aviemore Dam, document two, possibly three, surface rupture fault movements in the last c. 23 ka,
with the most recent movement between 13.1 ka and 14.1 ka ago. These ruptures were located up to 510 m away from the bedrock fault that juxtaposes the Mesozoic and Tertiary age rocks, and had
single-event vertical separations in the range of 0.5 m to 2.0 m. Slickenside-lineations, and other slip
indicators, indicate oblique right-lateral – reverse movement along the fault in the late Quaternary with
horizontal (H) to vertical (V) ratios of displacement in the range of 1H:3V to 1H:1V, suggesting net
single-event surface-rupture displacements in the range of 0.53 m to 2.9 m. Though posing less of a
threat to dam safety, a zone of “small-scale” late Quaternary faults and folds was identified extending
up to at least 150 m west of the Waitangi Fault. These fault rupture displacement characterisations
were subsequently used to derive earthquake performance assessments for the dam, and to evaluate
dam safety under direct fault rupture loadings (e.g. Mejia et al. 2005, Walker et al. 2004).
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