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Strong proximal earthquakes revealed by cosmogenic 3He dating of 
prehistoric rockfalls, Christchurch, New Zealand
Benjamin H. Mackey and Mark C. Quigley
Department of Geological Sciences, University of Canterbury, Private Bag 4800, Christchurch 8140, New Zealand

ABSTRACT
The 2011 rupture of previously undetected blind faults beneath 

Christchurch, New Zealand, in moment magnitude (Mw) 6.2 and 
6.0 earthquakes triggered major rockfalls that caused fatalities and 
infrastructure damage. Here we use field, geospatial, seismologic, 
numerical modeling, and cosmogenic 3He data to provide first evi-
dence for prehistoric rockfall ca. 8–6 ka, and a possible preceding 
event ca. 14–13 ka, at a site where extensive rockfall occurred in 
the Christchurch earthquakes. The long (~7 ± 1 k.y.) time intervals 
between successive rockfall events and the high peak ground veloc-
ity thresholds required for rockfall initiation at this site (~20–30 
cm/s) preclude earthquakes from major identified seismic sources, 
including the plate boundary Alpine fault, as likely rockfall trig-
gering sources. Rockfalls were probably triggered by strong paleo-
earthquakes sourced from active faults proximal (i.e., <10–20 km) to 
Christchurch, including the sources of the 2011 Christchurch earth-
quakes and/or other currently unidentified faults. Given the inherent 
incompleteness of seismic source catalogues and challenges in obtain-
ing earthquake chronologies for blind faults, high scientific priority 
should be given to the search for, and analysis of, geologic records of 
strong earthquake shaking near populated areas.

INTRODUCTION
Active faults capable of generating highly damaging earthquakes 

may not cause surface rupture (i.e., blind faults), or may cause surface 
ruptures that evade detection due to subsequent burial or erosion by sur-
face processes. Fault populations and earthquake frequency-magnitude 
distributions adhere to power laws (Main, 1996), implying that faults too 

small to cause surface rupture but large enough to cause strong ground 
shaking densely populate continental crust. Blind faults are underrepre-
sented relative to larger, surface-rupturing faults in paleo-earthquake cata-
logues (Nicol et al., 2012). Recent earthquakes on previously unidenti-
fied and/or blind faults proximal to densely populated areas have caused 
catastrophic loss of life and infrastructure damage (Talebian et al., 2004; 
Calais et al., 2010; Beavan et al., 2012). At least 12 previously unknown 
faults ruptured in a series of moment magnitude (Mw) 5.9–7.1 earthquakes 
(Beavan et al., 2012) near Christchurch, New Zealand, in 2010 and 2011 
(Fig. 1) (termed the Canterbury earthquake sequence). The 22 February 
2011 Mw 6.2 Christchurch earthquake (herein termed Christchurch I earth-
quake) resulted in 185 fatalities, and the Canterbury earthquake sequence 
caused more than US $30 billion of cumulative damage. Blind faults 
have been identified beneath other major population centers (Shaw and 
Shearer, 1999); however, the timing and frequency of paleo-earthquakes 
and likely patterns of coseismic shaking are challenging to quantify due to 
an inability to conduct direct investigations of these faults at the surface. 
Geological features that enable estimation of earthquake strong ground 
motions independent of fault source data are thus valuable for seismic 
hazard analyses (Brune, 1996).

A major hazard accompanying earthquake shaking in areas of steep 
topography is the detachment of rocks from bedrock outcrops that subse-
quently slide, roll, or bounce downslope (i.e., rockfalls). Five fatalities and 
significant infrastructural damage during the Christchurch I earthquake 
resulted from coseismic rockfall and cliff collapse (Bradley, 2013; Massey 
et al., 2014). Major rockfall also occurred in an Mw 6.0 earthquake on 13 
June 2011 (termed the Christchurch II-b earthquake) (Fig. 1). Here we 
use the emplacement time of prehistoric rockfall to constrain the temporal 
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Figure 1. A: Christchurch, New Zealand, area showing location of Rapaki study site and blind fault sources (circles represent epicenters; 
shaded box is the fault plane; thick line shows surface projection of top of fault) from major 2011 earthquakes (Beavan et al., 2012). Chch 
I, II, and III are Christchurch earthquakes (see text). Seismic stations: LPCC—Lyttelton Port Company, D15C—Summit Road, D13C—Sign 
of the Kiwi, CRLZ—Canterbury Ring Laser. Inset shows northern South Island, with Alpine fault (AF), Hope fault (HF), Porters Pass fault 
(PP), and Greendale fault (GD) (the 2010 Darfield earthquake rupture). B: Processed instrumental maximum horizontal peak ground ve-
locity (PGVH

max) values for closest strong ground motion stations to the study site and estimated PGVH
max at the rockfall source cliff plot-

ted against epicentral distance for the strongest earthquakes (i.e., highest recorded PGVs) between A.D. 2010 and 2011 for which occur-
rence or nonoccurrence of rockfall is known. Mw—moment magnitude. Rockfall PGVH

max triggering thresholds i–iii are described in text. 
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distribution and likely sources of past strong ground shaking analogous to 
that of the Christchurch I and II-b earthquakes.

The measurement of cosmogenic nuclide concentrations in minerals 
exposed at or near Earth’s surface has been used to estimate the age of 
paleorockfalls over 103 to 104 yr time scales (e.g., Matmon et al., 2005; 
Cordes et al., 2013; Rinat et al., 2014). This study is the first we know 
of to date paleorockfalls using cosmogenic 3He, a nuclide produced and 
retained in a variety of minerals, including clinopyroxene (augite) (Gosse 
and Phillips, 2001). The use of 3He concentrations to determine a boulder 
surface exposure age requires (1) isolating cosmogenic 3He from other 
potential sources of 3He (Lal, 1987), (2) consideration of possible pre-
rockfall exposure history and possible inherited cosmogenic 3He concen-
trations in the sampled surface, and (3) consideration of possible complex 
post-rockfall exposure histories, including boulder mobility and/or burial 
and re-exhumation. Resolving these potential complications requires 
selective field sampling based on geologic and geomorphic criteria and 
careful interpretation of 3He concentrations for a population of boulder 
ages (see the GSA Data Repository1). 

Mass movements, including landslides and rockfalls, have a range 
of potential triggers including earthquake shaking, intense or prolonged 
precipitation events, temperature fluctuations, fires, floral and faunal activ-
ity, groundwater changes, anthropogenic activity, and residual weather-
ing (e.g., Tatard et al., 2010). The attribution of paleorockfalls to seis-
mic events thus requires careful consideration of other feasible triggering 
mechanisms, including their probable behavior in time and space, and 
likely influences on rockfall boulder age populations.

MODERN ROCKFALL AND PEAK GROUND VELOCITY 
THRESHOLDS AT RAPAKI

The Rapaki study site is located in the Port Hills of southern Christ-
church (Figs. 1 and 2). The site consists of (1) steep to subvertical bed-
rock cliffs composed of stratified basaltic lava and indurated pyroclastic 
flow deposits, (2) a ~23° grassy slope composed of windblown sediment 
deposits (loess), overlying rockfall boulders, and colluvium, and (3) the 
village of Rapaki at the base of the slope. More than 650 individual boul-

ders ranging in diameter from <15 cm to >3 m were dislodged from an 
~60-m-tall and ~300-m-long source cliff in the Christchurch I and II-b 
earthquakes (Fig. 2). Boulders traveled distances of as much as 750 m 
downslope; some caused significant property damage (Fig. 2C).

A network of seismometers recorded ground motions during the 
Canterbury earthquake sequence (Table DR1 in the Data Repository). 
Because the fracture energy required to induce rockfall is directly pro-
portional to peak ground velocity (PGV) (Andrews et al., 2007; Rathje et 
al., 2013), we use this measure (as opposed to other strong ground motion 
measures such as peak ground acceleration) to characterize rockfall-
generating ground motions. A maximum horizontal PGV (PGVH

max) of 
47.5 cm/s was recorded during the Christchurch I earthquake at the seis-
mometer closest to the study site (station LPCC; Fig. 1B; Table DR2). 
PGVH

max values at the closest seismometers during the Christchurch II-b 
earthquake were 43 cm/s (station LPCC), 53.4 cm/s (station D15C), and 
24.8 cm/s (station D13C). Moderate (<10% of total observed) rockfall 
was observed in the Mw 5.3 Christchurch II-a earthquake; the closest seis-
mometers yielded PGVH

max of 7–12 cm/s. A few isolated rocks (<1% of 
total observed) were detached from the study site cliff in the 4 September 
2010 Mw 7.1 Darfield earthquake (LPCC PGVH

max = 18.5 cm/s; CRLZ 
PGVH

max = 16.1 cm/s) and 23 December 2011 Mw 5.9 Christchurch III-b 
earthquake (LPCC PGVH

max = 27.3 cm/s; D15C PGVH
max = 21.5 cm/s). 

Rockfall did not occur at the site (but may have occurred elsewhere) in any 
other earthquakes during the Canterbury earthquake sequence for which 
there are observational accounts from local residents (e.g., 16 April 2011, 
Mw 5.0; 23 December 2011, Mw 5.8, Christchurch III-a; Fig. 1B).

We estimated PGVH
max at the source cliff for the strongest earthquakes 

using linear interpolation between the most proximally recorded PGVs 
(Fig. 1C). On the basis of rockfall observations and PGVH

max calculations, 
we propose a rockfall triggering threshold of PGVH

max = 12 ± 1 cm/s for 
the localized detachment of susceptible rocks in a previously fractured rock 
mass (minor to moderate PGVH

max rockfall threshold; i in Fig. 1B), PGVH-
max = 17 ± 2 cm/s for localized rock fracture and rockfall in an intact rock 
mass (ii in Fig. 1B; e.g., the Darfield earthquake), and PGVH

max ≥ 25–30 
cm/s for extensive rockfall and rock mass fracturing (iii in Fig. 1B; e.g., the 
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1GSA Data Repository item 2014345, supplementary text, figures and tables, is available online at www.geosociety.org/pubs/ft2014.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. A: West-looking 
oblique lidar digital elevation 
map of slopes above Rapaki 
Bay, New Zealand, study site 
showing location of rock-
fall boulders displaced in 
2011 Christchurch earth-
quakes (blue). Red dots 
indicate paleorockfall boul-
ders sampled in this study. 
B: Partial excavation around 
paleorockfall boulder 
(Rap15). C: House dam-
aged by rockfall in February 
2011; impact crater is in fore-
ground. House location is 
shown by arrow in A (photo 
courtesy of D. Barrell, GNS 
Science). D: Rockfall deposit 
in side valley, showing vari-
ability in boulder orientation 
on emplacement. Approxi-
mately half of the 2011 boul-
ders landed with the fresh 
face oriented upright (Data 
Repository; see footnote 1).
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Christchurch I earthquake). Variations in geology, elevation, and topogra-
phy among seismometer sites contribute uncertainty to PGVH

max estimates.

3He DATING AND SEISMIC ORIGIN OF PALEOROCKFALL
Hundreds of paleorockfall boulders with similar size and deposi-

tional extent to the modern boulders were identified at the study site (Fig. 
2A). Paleorockfall boulders were distinguished from modern boulders 
because they are partially embedded in hillslope colluvium and are visible 
in pre–Canterbury earthquake sequence imagery. They have high degrees 
of surface roughness due to differential weathering of embedded basaltic 
blocks from the host matrix, and are extensively covered in lichen (Fig. 
2B), indicating that they were emplaced long before European settlement 
in the 1850s. Paleorockfall boulders overlie (and thus were emplaced 
after) loess that likely accumulated on the slope during the 17-13 ka ter-
mination of the Last Glacial Maximum.

We collected samples for cosmogenic dating from the top surfaces of 
19 of 25 accessible large (≥1.5 m diameter) paleorockfall boulders. Deeply 
shielded samples were obtained to quantify 3He inherited from mantle and 
nucleogenic sources (see the Data Repository). Boulder undersides (n = 6) 
were sampled to assess possible inherited cosmogenic 3He accrued while a 
boulder was in place on the cliff prior to detachment and postdepositional 
boulder mobility. The presence of thick colluvial wedges accumulated 
upslope of sampled boulders (Fig. 2B) and the absence of remobilization 
during the Canterbury earthquake sequence imply that boulders remained 
fixed in stable positions following deposition.

Augite 3He concentrations and apparent exposure ages are presented 
in Tables DR3 and DR4 and in Figure 3. Prehistoric rockfall boulders have 
apparent surface exposure ages ranging from 6 to 70 ka; most ages are 
between 6 and 20 ka (Fig. 3A; Table DR4). 3He concentrations obtained 
from the undersides of 4 of the younger 8-6 ka boulders (Table DR4) are 
well above background (cosmogenic shielded) levels, indicating boulder 
emplacement with faces formerly exposed on the source cliff now on the 
boulder underside, and formerly shielded faces now on the top. No surface 
exposure ages of 6 ka or younger were obtained, and we interpret this to 
reflect the time (7 ± 1 ka) of the most recent paleorockfall event. Another 
age cluster centered at 13 ± 2 ka may indicate the timing of a prior rockfall 
event or reflect 3He inheritance in boulders emplaced ca. 7 ± 1 ka. Given 
the depositional age of the underlying loess, boulder exposure ages pro-
gressively older than ca. 13 ka are likely to indicate predetachment 3He 
inheritance; boulders deposited on the hillslope before ca. 17-13 ka are 
likely to be buried beneath loess and colluvium.

To compare the measured distribution of rockfall ages to other sim-
ple rockfall-generating scenarios, we generated synthetic curves of the 
relative probability of a population boulder ages (Fig. 3B). We seeded a 
source population of rockfall boulders with randomized pre-rockfall 3He 
concentrations equivalent to exposure ages ranging from 0 to 70 ka, the 
oldest measured bedrock exposure age. In a rockfall event, we drew boul-
ders from this distribution, which were replaced with zero age boulders. 
We assumed cubic boulder morphologies, as evidenced from field obser-
vations. We assigned 0.17 probability that the postdepositional boulder 
top surface would be equivalent to the predetachment exposure age, and 
a 0.17 probability that the postdepositional boulder surface would be a 
fully shielded detachment surface, equating to zero age at emplacement. 
The remaining boulders have 0.66 probability they will be deposited 
on their side, with a partially shielded top surface (Fig. DR2). Partial 
shielding was calculated by modifying the external (cliff face) age of the 
boulder with a function to simulate the exponential decay of cosmogenic 
production into rock. We modeled three distinct rockfall production sce-
narios: (1) rockfall-generating events every 500 yr from 20 ka to pres-
ent, (2) rockfall-generating events every 7 k.y. (14 ka, 7 ka), and (3) one 
rockfall-generating event at 7 ka (Fig. 3B).

In comparing modeled rockfall age distributions, scenario  1 is 
implausible given the observed age distributions and lack of post–6 ka 

ages. The best fit between modeled and actual age distributions is scenario 
2, although scenario 3 cannot be dismissed given the uncertainties in pre-
rockfall inherited cosmogenic 3He. The resolution of this dating technique 
does not allow us to dismiss the possibility of multiple rockfall events in 
temporally clustered paleo-earthquakes (i.e., <1-103 yr apart) analogous 
to Canterbury earthquake sequence.

We interpret the absence of boulder exposure ages younger than 7 
± 1 ka to indicate that no major rockfalls occurred at this site between 
that time and the 2011 Christchurch I earthquake. This conclusion is sup-
ported by regional geologic evidence for a near absence of pre–Canter-
bury earthquake sequence talus or rockfall debris at the base of nearby 
abandoned seacliffs cut during the mid-Holocene highstand (ca. 6-7 ka) 
(Brown et al., 1988). The 7 k.y. rockfall hiatus prior to the 2010–2011 
Canterbury earthquake sequence spans a time period encompassing major 
changes in climate, extreme weather, extensive devegetation since the 17th 
century, and continued residual weathering of the source cliff. The highly 
consolidated, coarsely jointed nature of the basaltic rock mass in the study 
area appears to make it less susceptible to nonseismic rockfall triggering, 
particularly compared to other lithologies, such as the highly fractured 
greywacke of New Zealand’s Southern Alps (Tatard et al., 2010).

The hiatus includes many large earthquakes on the largest seismic 
sources in the region (Stirling et al., 2012), including the Alpine fault (Mw 

Age (ka)
0 10 20 30 40 50

0 20 40 60 80
Age (ka)

N
o 

la
te

-H
ol

oc
en

e 
ag

es

R
el

at
iv

e 
pr

ob
ab

ili
ty

R
el

at
iv

e 
pr

ob
ab

ili
ty

A

B

Last-Glacial loess 
deposition

Background
erosion rate
(~7 mm/k.y.)

M.R.E.?

Individual age 
estimate Summed

probability

Apparent boulder
surface ages

7 ka

7 & 14 ka

500 yr events, 
20 ka to present

Long tail of older ages 
due to inheritance

Measured ages
500 yr events
7 ka event
7 and 14 ka events
Modeled event

Figure 3. A: Apparent ages of boulder upper surfaces de-
rived from cosmogenic 3He exposure dating. Individual ages 
(indicated as Gaussian probability distribution functions) 
are shown as thin red lines, and summed probability of all 
ages is in black. Red dots denote individual central age es-
timates along an arbitrary y value to aid visualization. Gray 
band is probable most recent event (M.R.E.) at 7 ± 1 ka. B: 
Modeled age distribution probabilities for three rockfall sce-
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rockfall events ca. 7 and 14 ka. Stars indicate timing of mod-
eled earthquakes for each scenario.
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7.6–8.2, every ~300-400 yr) (Berryman et al., 2012) and Porters Pass fault 
(Mw 7.1–7.5, every ~1500-2000 yr) (Howard et al., 2005) (Fig. 1). This 
suggests that no late Holocene earthquakes sourced from these faults caused 
rockfall at the study site. Numerical modeling using ground motion predic-
tion equations (Bradley, 2013) and maximum Mw estimates suggests that no 
active fault currently identified in the New Zealand seismic hazard model 
(Stirling et al., 2012; Litchfield et al., 2013) generates median (50th percen-
tile) horizontal PGVs at the base of the study site above 10 cm/s (Fig. DR3).

PGV estimates from known sources are <13 cm/s even when consid-
ering possible PGV amplification of as much as 60% at the study site due 
to topographic effects and site conditions (Khajavi et al., 2012). Strong 
earthquake shaking above the estimated PGV threshold generated by 
earthquakes on proximal faults thus provides the most likely explanation 
for the origin of the Rapaki paleorockfalls. Although the fractured cur-
rent state of parts of the source cliff does not negate the possibility of 
future isolated rockfalls occurring at PGVs less than that of the proposed 
threshold (or in the absence of earthquake shaking), the lack of significant 
rockfall in the Christchurch III-b earthquake at PGVs higher than pre-
dicted median PGV for these regional seismic sources suggests that total 
volumes would be small and limited to particularly susceptible areas of 
the rock mass under these conditions.

A reasonable conclusion is that the ca. 7 ka (and possibly the 14–13 
ka) paleorockfalls provide a tentative, shaking-based recurrence interval 
for earthquakes on the faults responsible for the Christchurch I and II-b 
earthquakes, although testing this hypothesis will require further careful 
study of earthquake shaking proxies throughout the region. The possibil-
ity that other unidentified faults in the area triggered rockfalls and thus 
pose a major seismic hazard to Christchurch cannot be dismissed; based 
on crustal attenuation relationships and our proposed PGV thresholds, the 
maximum distances of the closest rupture tips to the study site are likely 
to be <10 km for Mw 6.0 earthquakes and <20 km for Mw 7.0 earthquakes.

IMPLICATIONS
As evident from this study and others (e.g., Evans and Hungr, 1993), 

paleorockfall deposits are clear evidence of the most likely locations of 
future rockfall. In this instance, modern rockfalls were triggered by rare, 
strong ground motions sourced from earthquakes on blind faults proximal 
to a major urban center that evaded detection until the Canterbury earth-
quake sequence. Given the challenges in obtaining earthquake chronolo-
gies, Mw potentials, and expected shaking intensities associated with blind 
fault ruptures, particularly in the absence of historical seismicity, geologic 
proxies for past strong ground motion are valuable to predict the impacts 
of future strong earthquakes regardless of their seismic source. This should 
be particularly prioritized for urban settings, where comparably moderate 
(i.e., Mw 6-6.5) proximal earthquakes on blind and/or unidentified faults 
may be the largest shaking hazard.
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