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Abstract

Banks Peninsula is a volcanic complex that is composed primarily of basaltic rocks and has had
rockfall occur along its flanks since emplacement. In the 2010/2011 Christchurch eartBguake
boulders were dislodged from various cliffs and caused damage to settlements in the Port Hills of
Banks Peninsula. This study looks at the size distribution of both modern boulders from the
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events in Purau Valley near Lyttleton Harbor. It was found that the volcanic conglomerate, VB, of the
Lyttleton Volcanic Group produced the largest boulders by volume for both modern and paleo
rockfall. Cliff faces comped primarily of this volcanic conglomerate are more likely to produce larger
volume boulders than a cliff of a similar surface area composed of trachyte/hawaiite, FB, from the

Lyttleton Volcanic Group.

Introduction

As seen in the small town of RapakLyitleton Harbor on the South Island of New Zealand,
rockfall caused by seismic shaking in the 200@1 Christchurch earthquakes destroyed homes,
property, andled to evacuationsAcross the harbor above Purau, another small establishment, there
was rockall during the same earthquakes that also dislodged rdaks the cliffs aboveThe modern
rockfall caused by these earthquakes was not the first in the area, as the slopes are covered in

boulders ranging from under a half meter in diameter to bouldeghten meters in diameter.



Source rock for rock fall must be fractured and weathered in order to be dislodged, and
dislodging rocks can be due to freebaw processes, diftracking, or seismic activity. The extent to
which the source rock has weathet®oth on faces and joints, along with alteration, shows a positive
correlation with the susceptibility to rockfall according to Wieczorek (2002). The loogks are
exposed allows for more time to break down and weather minerals along planes of weakiness
in turn leads to rockfall when triggering events occur. Ronald Dorn (2014), Wieczorek, and Luuk
Dorren (2003) propose multiple triggers for rockfall. The first and most important for the Christchurch
area is seismic activity, where extensive shglian weaken the source rock, create and widen
fractures, and dislodge boulders from a face or slope. Dorn and Wiezorek propose another method,
where large storms with large precipitation rates and high winds can dislodge and weaken rocks. Dorn
finally proposes two more methods, where the baslasting of a valley due to colluvial and alluvial
processes will eventually undercut cliffs to produce rockfall. Also, Dorn discusses a type of weathering
called dirt cracking, wherealicheand dirt placed in fracties can slowly pry a rock apart. It is known
on BankdPeninsulahat seismic activity has triggered rockfall, but due to the precipitation on Banks,
along with the erosion happening within thgeninsula there is reason to believe all these processes
couldbe working together to produce rockfall.

As seen in the 2010/2011 earthquakes, seismic activity was the main source of the rockfall in

the area, and is thus important to understanding most of the rockfall in the. gastudy done by

Benjamin H. Mackey and Mark C. Quigley (2014) showed that in un-fractured rock, a peak
ground vel oci t30cni/sHrGnVag seigmic event 8 Beeded to break and dislodge

rocks from a cliff face in the Port Hills. However, if the rock was previously fractured, only a

PGV of 12 ++ 1 cm/s was needed to cause rockfall
conclusions, it can be assumed that a small amount of shaking may not cause rockfall, but

may allow for rockfall in the near future due to other processes.

After assessingusceptibilityof the host rock for rockfall, and understanding what causes
rockfall, it is important to look at the size distribution of rockfall. To do so, a look into rockfall
mechanics is neededA study by Tanarro and Muiioz (2011) which looked at rockfall in folded

limestone identified three ways in which rocks move when dislodged. The rocks can either fall,



bounce, or roll. Elaborating on these, Dorren (2003) shows that rock fall occurs es stepper than
76 degrees. Falling rocks undergo both translation and rotation while in the air due to air resistance
and collisions, which both change trajectory. When the slope decreases in steepness, movement at or
near the slope surface, bouncing ocsuAfter the first bounce of a rock, B5% of the rocks initial
energy has been lost. As the slope decreases even more, rolling starts. Due to friction, the rock will
stop movement soon after in the slope does not change. This is important in the Paitay, @s the
rocks in thevalley show a high susceptibility to fracture upon impact and when they start to roll.
When looking specifically at the Rapaki area of the Port Hills, according to Borella (2015), larger
boulders that predated the 2010/2011 eaghake did not travel as far as modern boulders frdma t
2010/2011 earthquakesBoulder size increased further away from the cliff in modern boulders, and
large paleaboulders were found closer to the cliff. When looking at a study done in the Port Hills by
Massey et. al. (2013), similar conclusions can be reached. The larger rbmigders made it the
furthest. Dorren (2003) agrees with this conclusion, and suggests that this is because larger rocks have
a higher kinetic energy and are not stopped by stogdbgraphic changes, trees, or other rocks.
Similarly, a study done by Corona et. al. (2013) showed that interaction between boulders and trees
changed the trajectory of rocks significantly, showing shorteroundistances for rocks in densely
forestedareas. In addition, Massey et. al. (2013) showed that these boulders usually accumulate in
topographic lows and valleys.

Combining the previous work done on rockfall not only in the area but around the world, a size
distribution of rockfall analysisasbeen performedn Purau Valley. The conclusion of this study can
be used to predict future rockfall, and possibly be used to develop a classification system for different

types of volcanic host rock that could produce rockfall on Banks Peninsula.

Setting

Banks Peninsula is connected to the South Island of New Zealand by the edge of the
Canterbury plains, and the source for the volcanism is relatively unknown. The volcanic complex is
composed primarily of two separate composite cones, with variglkesiand scoria cones
throughout (Sewell 2011). The volcano was active from approximately 11.7 Ma, to 7.3 Ma when the
last part of the peninsula was formed. The volcanic rocks vary from trachyte to hawaiite, and local

variations can be seen throughout the penites Purau valley is composed of rocks from the Lyttleton



Volcanic Group, the oldest of the Banks Peninsula rocks (Sewell 2011). In the study area, the host
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and dykes. The flanks below the cliffs are composed of rockfall and talus, with large quantities of loess
from the last glacial maximum. These wibldwn sediments hae tunnel gully erosion in them
overlying bedrok. Many massvasting scarps can be seen along the interfluvs, with large debris flow
deposits in gullies and alluvial fans near the shore line.

Banks peninsula is located on the coast, with many bays agid hlat cut into the complex.
The weather consists of high rainfall, peaking in the winter, with moderate temperatures throughout
the summer and winter months (Ryan 1987). Precipitationtearer over thepeninsulastaying
above and away frorthe clear pains below. Much like the rest of New Zealand, Banks is effected by
mid-latitude westerlies that vary between depressions, low pressairy systems, and subtropical
anticyclones, high pressure systems with good weather (Ryan 1987). Occasional cycloseostur
on the peninsula, affecting much of New Zealand as well. Before European settlement in New
Zealand, much of Banks Peninsula was covered in dense forest, and now, tussock grasses and shrubs
dominate the hill slopes. Cattle and sheep actively gfaarau valley as well, reducing the size of the

foliage significantly.

Methods

Parameters were set at Purau valley, including two main valleys with various interfluv ridges
spaced throughout as the valleys branched towards the cliffs. To undergtantbntrol of the valleys
and ridges, a large study area with multiple ridges and valleys was chosen to evaluate the distribution
of rockfall. Boulders over 1¥were analyzed by taking length, width, and height measurements. The
rock type was evaluated|assifying boulders as either filyecrystallinebasalt (FB), or brecciated
basalt (VB). Surface roughness was estimated on a scalé,d heing very high surface roughness
and 1 being little to no surface roughness. The quantity of sediment/buri&deoboulders was noted,
and the overall lichen cover of the boulder was estimated. Taking into account the sediment wedges
behind boulders, their lichen cover, and their roughness, the boulders were classified as either
modern boulders or paleo boulders. Mern boulders refer to boulders from the 2011 Christchurch

earthquakes and are classified as boulders with little to no lichen cover, no sediment wedges, and low



roughness. Paleo boulders refer to boulders prior to these earthquakes and are classifiegieby |
amounts of lichen cover, lots of surface roughness, and sediment wedges. Dating methods for
rockfall, such as lichonemetry by Mackey and Quigley (2014) and radiocarbon dabogri{2014),
Borella (2015), and Curry (2003) have basad elsewhergyet due to time limitations and monetary
constraints, a qualitative dating system was used at Purau.

GPS coordinated were taken at each location. This data was imported into Microsoft Excel,
which was used to analyze and produce results. The boulders were sorted into two main categories,
modern or paleo, and then subdivided into either MB-8. The source rock for the boulders was

analyzed, looking at fracture spacing, failure scarps, and lithology.

Results

Modern vs. Paleo Boulder Histogram:
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Figure 1 Plot showing the distribution of modern and paleo bouldéifs respect to volume.



Modern and paleo bouldergmitting lithology, were plotted in a histogram and fitted with a
trend line. The paleo trentine has a steeper slope, while the modern trelive isslightly less steep
The overall sample size is not the same, as there are @&® poulders and 125 modern boulders.
The bin size for volume was set at 0.5 increasing throughout the entire data set. The largest paleo

boulder was 6167, and the largest modern boulder was 79.97. m

PaleoBoulderHistogram:

VB/FB Paleo Boulder Distribution
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Figure2 Plotshowing the distribution of VB and FB Paleo boulders with respect to volume. Large volumes omitted to show

trend.

When looking at the lithologies in the paleo boulders, 34% of the boulder were FB boulders.
There were 235 FB boulders and 554 VB bouldédrs.bin size was set @t25 n¥. Sizadistribution for

FB and VB boulders similar However, since there is about half as many FB boulders as VB, the



frequency of each FB boulder size is lower than the VB. In addition, the FB boulder frequency tapers
off quickly around 4 %) and the VB boulder frequency decreases at a slower rate. VB rocks also
appear in much large volumes. The largest FB boulder is 6.88ghite the largest VB boulder 616

m3.

PaleoBoulderFreaquencyDistibution:

VB/FB Paleo Boulder Frequency Distribution
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Figure3 Distribution plot showing the cumulative frequency of both paleo volcanic breccia and palegréimed basalt

boulders. Large volumes omitted to show trend.

Boulder 15t Quartile 2" Quartile 39 Quartile Mean Median
Lithology

FB 1.13m3 1.68m3 2.14m3 1.74m3 1.74m3
VB 1.4m3 2.04m?3 4.9m?3 2.06m?3 5.74m?3

Table 1 Quartiles, means, and medians for paleo VB and FB boulders.




The frequency distribution shows that first quartile of boulders for both VB and FB are close to
the same, beinginder 1.5m3. However, the frequency distribution of FB and VB boulders only
diverges as volume increases. The second quartile for FB is 1f68 B and 2.04 ffor VB. The
third quartile of FB is 2.18hand 7.8n% for VB. The right skewed distribution mean givewa-

representative idea of boulder size, so the median is more accurate.

Modern Boulder Histogram:

VB/FB Modern Boulder Distribution
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Figure4 Plotshowing VB/FB modern boulder distribution. Large volumes omitted to show trend.

When looking at modern boulders, there were only 8 FB boulders oveérahd117 VB
boulders over 1 mwithin our mapping area. The FB boulders showed no real trend in distribution.

The VB boulders show a rough right skewed normal distribution. The kigivesl distribution mean



gives a norrepresentative idea of boulder size, so tinedianis more accurate. The bin size is set at

0.25mé.

Modern BoulderFequency Distribution:

VB/FB Modern Boulder Frequency Distribution
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Figure5 Distribution plot showing the cumulative frequency of both modericaaic breccia and modern firgrained

basalt boulders. Large volumes omitted to show trend.

Boulder 15t Quartile 2d Quartile 3d Quartile Mean Median
Lithology

FB 1.2md 1.56m?3 2.16m?3 1.93m3 1.56m?3
VB 1.69m3 3.17md 7.65m3 11.11m3 3.17md

Table 2Quatrtiles, means, and medians for modern VB and FB boulders.



The frequency distribution plot shows that there are a higher frequency of relatively larger VB
boulders compared to the FB boulders. The first quartile is relatively close betweewdhe t
lithologies, VB being 1.4%and the FB being 1.13%The quartiles start to diverge, with the second
being 1.68 for FB and 2.04 for VB, and the third quartile for VB being 4.90 and FB a$.2.14 m

Host Rock Analysis:

The lavas in Purau valley primarily range in dips from the east to south, with contacts varying
locally in orientation. In the valley, there is significantly more volcanic breccia thagramneed
interbedded basalt. Cliffs of VB vary frorl2m in thickress, while the FB layers vary between-5.5
m in thickness. Fracture spacing in the VB is very random, usually leaving concave surfaces where
rocks have fallen off. Fractures spacing in the FB ranges from cracks spaced about 1 cm apart from
each other andarger 1m fractures. The smaller fractures are very regular, and their orientadioes
greatlythroughout the FB units. Modern FB rockfall is heavily fractures, usually with lots of smaller

pieces of rock all around larger pieces.

Volcanc Breccia (VB) Finegrained basalt (FB)

Figure 6 Photographs comparing the two lithologies studied at Purau Valley. Note the fracture spacing in the FB and the

random fracture faces in the VB.

Interpretation



