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Abstract

Background: This paper describes a landslide swarm generated by exceptionally high two-day rainfall (c. 300 mm) 
associated with a stationary cut-off low pressure system over northern Tasmania in early June 2016 and investigates 
evidence for previous slope instability. The landslide swarm occurred in a recently harvested plantation in the Inglis River 
catchment at Oldina, south of Wynyard in north-west Tasmania. Within a relatively small area of plantation underlain by 
weathered Permian tillite and minor siltstones more than thirty rapid earthflows, rotational and translational landslides 
occurred. Many landslides also occurred in the nearby Forth and Mersey River catchments. 

Methods: Field observations combined with a digital elevation model produced from high-resolution drone imagery 
were used to describe the morphology of the Oldina landslides, and to calculate the mass of soil, sediment, and woody 
debris displaced. Radiocarbon dating of charcoal exposed in landslide backwalls enabled palaeo-landslides and periglacial 
activity at Oldina to be dated. 

Results: An estimated 48,400–72,310 t of soil, sediment and woody debris was carried downslope by the major landslides 
but has been retained within the plantation area. The total sediment loss from the affected upper catchments is likely to 
be greater than the above estimate as the contribution from small riparian landslides, sheet, gully, and rill erosion has not 
been accounted for, nor has streambank erosion and sediment transported off the study site been measured. Radiocarbon 
dating of charcoal in sediments indicated that two landslides had evidence of previous instability in the Holocene. Most 
ages indicated that previous instability dated to 35–15 cal ka BP, i.e., to a time when the climate was cold and dry and 
freeze-thaw processes in a sparsely vegetated landscape were active.

Conclusions: During planning for harvest the soils developed on Permian tillite were correctly described as having a 
low to moderate risk of landslide erosion. This study concludes that the landslides initiated in June 2016 resulted from 
exceptionally heavy rain falling on harvested steep and hilly land coupled with the decline in root strength of the harvested 
trees. The frequency of such a combination of circumstances may increase if high-intensity rainfall increases in Tasmania 
as the result of climate change. To improve the long-term stability of this terrain and the overall sustainability of plantation 
forestry it is recommended that landslides and riparian areas are seeded with native vegetation, and that the current 
assessment of landslide risk for this terrain is re-evaluated. 
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total (to 9 a.m.) recorded in Tasmania during the event, 
and the 2-day rainfall total at this weather station was 
399.2 mm (Bally 2016). 

The high rainfall triggered numerous landslides 
(Bally 2016; Fig. 2) and accelerated karst development 
on agricultural and forested land (Slee et al. 2019; 
Burke et al. 2020) elsewhere in northern Tasmania. 
Severe erosion occurred in the middle Mersey and 

Introduction
During 5–6 June 2016 a strong slow moving depression 
with a north-south path similar to a cut-off East Coast 
Low (ECL) (Pook et al. 2010; Dowdy et al. 2011) entered 
Bass Strait and led to intense rainfall over northern 
Tasmania (Fig. 1). On 6 June 278.6 mm of rain was 
recorded at Fisher River at 1140 m above sea level (asl) 
in the Mersey River catchment, the highest 24 h rainfall 
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Forth catchments (Fig. 2) near Lorinna, Cethana and 
Caveside, where landslides damaged roads and other 
infrastructure (Wirsu 2017). At Caveside several 
landslides were mapped and described (Kaine et al. 
2017, 2018), including a large earthflow originating 
on the upper slopes of the Great Western Tiers which 
deposited a 1-m thick fan on a farm paddock. At the 
nearby Maracoopa Cave, bouldery coarse sediment was 
transported by floodwaters through the cave, impacting 
cave landforms and damaging infrastructure (Eberhard 
2016) while a landslide threatened a house near the 
coast on Table Cape (Bermingham 2016).

Intense rainfall extended over the northwest of 
the state with Yolla (Sea View) weather station 18 km 
south of Wynyard registering 300.2 mm of rain over 
5–6 June (Bureau of Meteorology 2016). In the Oldina 
Plantation near Wynyard (41°01ʹ04ʺS: 145°40ʹ49ʺE) the 
exceptional rainfall triggered over 30 landslides, mostly 
within an 87-ha forest coupe that had been harvested 
in the spring and early summer of 2015/2016, but not 
replanted. No landslides were detected during coupe 
planning or early harvest. Google Earth imagery dated 
10 October 2015 and earlier showed no evidence of 
landslides. The landslides were reported to the Forest 

Practices Authority (FPA) geoscientists by a forester on  
9 June 2016 following a routine inspection of the 
plantation and roads. Landslides also occurred in both 
harvested and young regrowth plantation coupes at 
Oonah (McIntosh 2016). Other than roadside batter 
failures, very few landslides were noted in the Oldina 
area on slopes within areas of standing native forest.

Dated slope deposits in Tasmania 
Although parts of Tasmania have been recognised 
and mapped as being landslide prone (Mazengarb & 
Stevenson 2010; Stevenson 2011), there are few detailed 
reports or articles on landside frequency in the state, 
or in mainland Australia (Panek et al. 2015), notable 
exceptions being the work by Nott et al. (2001), Miner 
et al. (2011) and Tulau et al. (2019). Although landslides 
are common in the coastal and lower-altitude river 
valleys of Tasmania (Mineral Resources Tasmania 2021) 
and detailed hazard mapping has been undertaken in 
some of these areas (Mazengarb et al. 2013), a significant 
proportion of mountain slope deposits are associated 
with periglacial processes (Caine 1983; Barrows et al. 
2004; McIntosh & Barrows 2011; McIntosh et al. 2012; 
Slee & Shulmeister 2015) and can be considered to be 
relict and stable in the present warm and wet climate 
and forested landscape. For example, on the slopes of 
the Mt Nicholas Range in north-eastern Tasmania, at 
600–700 m asl, large landslides, extending almost 1 km 
from their source backwalls, form a ‘ripple’ landscape 
composed of transverse ridges, within which constituent 

FIGURE 1: Maps of sea level atmospheric pressure and 
rainfall on 6 June 2016. Note the complex low-
pressure systems ‘trapped’ between a high 
pressure centred on New Zealand and a high 
pressure centred on the Australian mainland. 
Maps are adapted from Bally (2016). 

FIGURE 2: Map of Tasmania showing the distribution of 
the June 2016 landslides, karst erosion, other 
landslides, and locations mentioned in the text. 



boulders have been dated by cosmogenic methods to 
have been moved to their present position in Marine 
Isotope Stage (MIS) 5c and 4 (McIntosh & Barrows 
2011; Slee et al. 2017). These authors suggested that the 
landslides formed as a result of snow melt saturating the 
ground and inducing mass movement, but that under the 
current climate and forest cover the landscape is likely to 
remain stable. Although deposits dating to MIS 3 and 4 
have been described in the backwalls of recent landslides 
in the Huon and Derwent catchments, the processes 
causing instability during cold (glacial) periods and the 
Holocene are different (McIntosh et al. 2009, 2012).

As most Oldina landslides occurred in a recently 
harvested coupe and impacted access roads and 
stream catchments, earth science specialists at the 
Forest Practices Authority (FPA) were consulted by the 
plantation management company to assess the damage 
and provide advice on measures that could be taken 
to stabilise eroded slopes. During field work charcoal 
was noted within sediments exposed in the backwalls 
of recently failed landslides. Radiocarbon dating of 
this charcoal presented an opportunity to test the 
hypotheses that slopes previously considered to have a 
low risk of mass movement under the present climate 
had failed previously during the Holocene, and that the 
soils concerned are more prone to mass movement than 
previously recognised in the Tasmanian Forest Practices 
Code (FPA 2015, 2020), which governs plantation 
management in Tasmania.

Aim
This paper describes the morphology of landslides 
triggered across a harvested coupe located within 
the Oldina plantation during high rainfall in 2016. We 
estimate the mass of displaced soil, sediment, and 
woody debris within the study site, describe the process 
of landscape evolution as revealed by stratigraphic 
observations and 14C ages obtained from deposits 
exposed in the headwalls of large-scale landslides, and 
assess the implications of our findings for forestry as a 
sustainable land use in this terrain.

Methods
Study site 
The study site lies in the northern part of the Oldina 
plantation managed by Timberlands Pacific Pty Limited 
(TPPL). It consists of 3577 ha of Pinus radiata D.Don 
and associated native forest reserves. The plantation 
was established in the 1930s and 1940s (Elliott et al. 
2008; Elliott 2011) on low hills up to 210 m above sea 
level (asl) in the Inglis River catchment which extends 
south of the town of Wynyard on Tasmania’s northern 
coastline. After harvest of these trees in the mid-1980s 
a second rotation was planted, and subsequently 
harvested in the mid-2010s. The trees at the 87 ha study 
site were harvested over the summer of 2015/2016 but 
the coupe had not been replanted when heavy rain fell 
in June 2016. 

The plantation is mostly planted on soils developed in 
the sub-horizontal Wynyard Formation (Everard 2004), 
a mixture of marine siltstone sequences with dropstones 

and varved tillite that accumulated during the Permian 
glaciation (Henry et al. 2012). Bedding within the 
formation is weakly developed and the overall structure 
is massive. Tertiary basalt outcrops extensively south 
and east of the study site, and outliers occur on some of 
the higher ridges within the Oldina plantation (Everard 
2004; Everard & Calver 2006). These outcrops are 
remnants of extensive flood basalts that erupted over 
broad areas of northern Tasmania during the Oligocene 
and Miocene epochs (Sutherland and Wellman 1986). 

The Permian and Tertiary geological units govern 
topographic relief. Where the Wynyard group outcrops, 
topography is dominated by elongate south–north 
ridges rising 220 m above the coastal plain, separated by 
flat-floored alluvial valleys with steep sides. Local relief 
exceeds 140 m and interfluvial ridges are drained by 
numerous headwater streams defined as class 4 streams 
(catchments < 50 ha) in the FPA classification (Forest 
Practices Code 2015, 2020). Broad basalt-topped ridges 
separated by steep-sided gullies rise to over 350 m asl 
south of the plantation. 

The Wynyard formation produces well-structured 
stony gradational soils (Grant et al. 1995, p. 76) 
provisionally classified as Dystric Cambisols (FAO 
2014). Mottled soils (Gleyic Dystric Cambisols) occur 
in lower landscape positions and in depressions. Grant 
et al. (1995, p. 77) classified the risks of landslides and 
soil erosion in these soils as negligible to moderate. 
The basalts produce thick well-structured and well-
drained brown gradational soils (Grant et al. 1995, p. 94) 
provisionally classified as Ferralsols (FAO 2014). Basalt 
colluvium may contribute to the Cambisols downslope 
but does not form a distinct layer.

 Mean annual rainfall at Wynyard airport is 974 
mm and the mean minimum and maximum June 
temperatures are 4.1°C and 13.5°C respectively (Bureau 
of Meteorology 2021a). The rainfall record at Yolla (Sea 
View) meteorological station (mean annual rainfall 
1448 mm), 12 km south of the study site, extends almost 
continuously back to 1907, and reveals that the rainfall 
on 6 June 2016 (248 mm) was unprecedented, being the 
highest on record and 100 mm more than the previous 
daily record for the station set in 1953 (Bureau of 
Meteorology 2021a, b). 

Landslide identification and classification 
Landslides were identified from photography taken 
using a camera mounted on a fixed-wing ‘Forest Mapper’ 
drone operated by Australian UAV Pty Ltd, Melbourne, 
Victoria, producing a georeferenced image identifying 
ground features to c. 3–5 cm horizontal and vertical 
resolution (Fig 3). A digital elevation model (DEM) 
was developed from this imagery (Fig. 4). The length, 
width, and area of the landslides at the study site were 
interpreted from aerial imagery and summarised in 
excel spreadsheets. Slope changes were calculated from 
the drone-generated DEM using ARC-GIS. Classification 
of landslides followed the guidelines produced for 
Tasmania by Mazengarb & Stevenson (2010), based on 
the United States Geological Survey Landslide Fact sheet 
(USGS 2004). Three dominant landslide classes were 
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TABLE 1: Description of the study sites



recognised: shallow earthflows, translational landslides, 
and rotational landslides (Fig. 5). Their length/width/
area relationships are shown as a balloon diagram  
(Fig. 6). Large log jams formed of a mix of sediment and 
woody material mobilised from slopes by landslides into 
the trunk valleys were also mapped.

Although pre-June 2016 LiDAR imagery was available, 
its resolution was insufficient to allow comparison with 
the DEM obtained in this study. 

Estimates of sediment and log jam mass
The mass of material displaced by landslides was 
estimated from field observations, the DEM developed 
from the drone imagery, and published soil bulk density 
measurements.

Based on observations of the height of the headwall 
scarps of landslides, it was estimated that the mean 
depth of the landslide scars in sediment source areas 
was approximately 2.5 m. The length of landslide debris 
trails/tails extending downslope of the landside scars 
was on average twice the length of the erosion scars 
themselves, and had a mean depth of about 1–1.5 m. The 
bulk density of tillite/siltstone soils was assumed to be 
1.6 t m3, as determined for the clayey B horizon of the 
Roebuck soil developed in weathered Permian tillite 
(Hill et al. 1995, p. 279). The mass of material displaced 
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by landslides was calculated on the assumption that 
landslide spoil consists of clayey and stony material 
in the ratio 3:1 and tillite stones have a density of 2.5 
t m–3 (Long & Menkiti 2007). The depth of material 
accumulated on floodplains was unknown and the mass 
of sediment deposited on floodplains was not calculated.

Log jams were in places more than 2 m deep but as 
the depth of most of the log jams could not be measured, 
we conservatively estimated their average depth to be 1 
m. Observations indicated that between 30 and 50% of 
the log jam volume consisted of a silty clay matrix and 
the balance consisted of densely packed logs (mostly 
P. radiata debris). Calculation of the mass of material 
contained within log jams was based on a bulk density 
of 1.6 t m3 for the clayey matrix (Hill et al. 1995, p. 279) 
and a wood density estimate of 500 kg m–3 (Dale-Glass 
Industries 2021). 

14C radiocarbon dating 
The backwalls of all major landslides were inspected 
to assess whether they contained evidence of previous 
mass movement. A prominent palaeosol was evident 
in the backwall of landslide 22. Buried charcoal was 
identified in landslides 1, 6, 8, 18, 22 and 23 (Fig. 3) and 
submitted for standard or AMS 14C radiocarbon dating at 
the University of Waikato Radiocarbon Laboratory, New 

FIGURE 4: Slope map of the study site showing the 
relationship between the landslides and 
slopes >26°.

FIGURE 3: Incidence of landslides in the study site. The 
area shown in Figure 7 is indicated by the 
yellow box.



Zealand (Table 1) after all visible contaminants such as 
modern roots, organic fragments and fungal hyphae had 
been removed during examination under a binocular 
microscope. Ages obtained were calibrated using OxCal 
version 4.4 and SHCal 20 (Bronk Ramsey 2009; Hogg et 
al. 2020).

Rainfall thresholds for landslide initiation
As the exact time of landslide occurrence resulting from 
the rain on 5–6 June 2016 is not known, and the nearest 
Bureau of Meteorology rain gauge is 5 km north of the 
study site at Wynyard airport on the coastal plain, and 
records here have only been collected since 1993, rainfall 
thresholds for landslide initiation (e.g., Peruccacci et al. 
2017) have not been estimated.

Results
Landslide characteristics and dating
Mapping using aerial imagery and ground truthing 
identified 29 active landslides in the study site, having 
a combined area of 24,955 m2 (Fig. 3). The smallest 
(landslide 13) was 13 m long with an area of 42 m2 
and the largest (landslide 22) was 216 m long with 
an area of 5657 m2 (Fig. 6). Most of the landslides are 
significantly longer than they are broad – these are 
shallow earthflows (e.g., landslide 22; Fig. 6). Rotational 

landslides are generally short where they occur next 
to streams (e.g., landslides 20, 21 and 25, Fig. 5A) and 
broader than they are long (e.g., landslide 25; Fig. 6). 
Landslide 17, the second most extensive on the site 
(3583 m2), has a morphology of a rotational landslide in 
its upper part and an earthflow in its lower part (Fig. 5C 
and D; Fig. 6). It is nonetheless classed as a translational 
landslide because failure has occurred along a shallow 
(<2.5m deep) bedrock slip plane akin to that of the 
well documented translational landslide at Home Hill 
in southern Tasmania (Mazengarb & Stevenson 2010, 
figure 23; McIntosh et al. 2012; Lucieer et al. 2013; 
Turner et al. 2015).

With the exclusion of landslides 16 and 17, most of 
the mapped landslides are associated with slopes >26° 
classified as very steep (Fig. 4 above and also table 4 
in Forest Practices Code 2020), flanking incised class 4 
streams (Forest Practices Code 2015, 2020). Stream 
floodplains are typically flat-bottomed and infilled with 
sediment (Figs. 3 and 5b). It is also notable that not all 
steep to very steep land displayed instability following 
the June 2016 rain. For example, the steep areas upslope 
of landslide 3, east of landslide 14 and above landslide 
19 (Fig. 3) all remained stable even though overall 
morphology of these areas suggests that the basins are 
a product of past mass movement. 
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FIGURE 5: Landslide types at Oldina. A. Landslide 25, a large rotational landslide on a valley side. B. Landslide 22, a 
shallow elongate earthflow. C. Landslide 17, a large translational landslide with an upper rotational zone; 
figure for scale (circled); from the photographer to the backwall (indicated by red rectangle) is 100 m. D. The 
backwall of landslide 17 (a rotational landslide in this upper zone), indicated in image C by the red rectangle; 
figure for scale (circled).



Tracks and roads
At a limited number of sites, old farm tracks or snig 
tracks (timber extraction tracks) may have concentrated 
and redirected water into hillside depressions leading to 
soil saturation and the triggering of landslides such as 
at landslide 16 (Fig. 7). At landslide 15 (Fig. 7) drainage 
and landslide sediment has been diverted along an old 
track. 

Landslide 1 
Charcoal was sampled at depths of 0.7 m and 1.7 m from 
two layers within an exposure at the confluence of the 
earthflow and a class 4 stream. Both layers consist of 
stony silty clays with weakly developed structure. The 
layers were demarcated by prominent basal bands of 
charcoal. The deeper layer was significantly redder, 
stonier and more compact than the upper layer. The 14C 
ages obtained indicate periods of slope instability during 
MIS 3 (34.75 cal ka BP) and during the Last Glacial 
Maximum (LGM) within MIS 2 (20.30 cal ka BP; Table 1) . 

Landslide 6
Charcoal sampled from stony colluvium at c. 1.7 m depth 
(labelled B in Fig. 8) with a median 14C age of 14.94 cal ka 
BP (Table 1) indicates previous mass movement at this 
site during the MIS 2 de-glacial period.

Landslide 8
Three layers were identified in the sidewall of Landslide 
8 (Fig. 9). The upper 1.3 m is a stony clay containing 
no charcoal. The middle layer, a stony clay 1.3 m thick 
which displays fine bedding and imbrication of stones 
indicative of fluvial deposition, contains scattered 

charcoal fragments with a median age of 15.58 cal ka 
BP (Table 1), and is considered to result from sheet 
erosion following a fire. The lowermost layer is a stony 
clay also containing scattered charcoal fragments having 
a median age of 27.45 cal ka BP (Table 1); stones are 
angular and chaotically distributed. Both ages obtained 
fall into MIS 2.

Landslide 18
Landslide 18 is within an eroded stream channel partly 
covered with stony debris from a June 2016 landslide, 
which has buried two layers of older debris differentiated 
by their colour, compactness and charcoal-rich layers in 
their upper parts (Fig. 10). Layer 3 was deposited at 1.05 
cal ka BP and layer 2 was deposited at 0.18 cal ka BP 
(Table 1), i.e. both deposits formed in the late Holocene. 

Landslide 22
The landslide backwall (Fig. 11) exposed a prominent 
charcoal-rich band dated 1.94 cal ka BP (Table 1). The 
charcoal-rich band is probably a former topsoil, and the 
associated reddened clasts are indicative of an intense 
bushfire that occurred before this site was buried by 
landslide debris about 2000 years ago. The overlying 
deposit (1.1 m thick) with a 30-cm-thick pale A2 horizon 
(McDonald et al. 1998, p.105) post-dates the landslide 
and is uncharacteristic of most soils in the area.

Landslide 23
Landslide 23 is a short (20 m) earthflow in the steep 
riparian zone of a small stream. It has a well-developed 
semicircular backwall formed by the collapse of about 
2.5 m of stratified scree (grèze litées of García-Ruiz et al. 
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FIGURE 6: Length and width characteristics of the landslides within the study site with three broadly-defined zones 
defined by landslide-formation processes. The landslide surface areas are indicated by the size of the circles. 
Larger landslides are identified by number (see Figs. 4 and 5) and area.



(2001) and Sharples (1997, p. 48)) composed primarily 
of interstratified fine angular gravels formed from finely 
fractured Permian siltstones and mudstones (‘frittered 
mudstones’ of Lynn & Crippen (1991)). Charcoal within 
the gravels was dated 16.77 cal ka BP (Table 1) (Fig. 12). 

Landslide mass
Using the methods and assumptions outlined in the 
Methods section above, it is estimated that in June 2016 
45540–68310 t of sediment was carried downslope by 
the major landslides. More sediment is likely to have 
been moved as the above estimate does not take into 
account small riparian landsides, or sheet, gully and 
rill erosion, or downstream sedimentation, or sediment 
carried off-site in suspension. 

During the field survey 24 log jams (Figs. 3 & 13) 
were found, mostly within valley floors close to toes of 
landslides. Their estimated area was 3574 m2. The mass 
of wood present was estimated to be between 535 and 
895 t and the mass of soil and sediment was estimated to 
be between 2860 and 4000 t. Adding these figures to the 

estimated landslide mass produces an approximate total 
mass of material displaced by landslides, and remaining 
in the study area, of between 48400 and 72310 t. 

On several of the major streams, landslide-generated 
sediment from higher in the catchment accumulated on 
floodplains behind log jams and upstream of confluences 
of tributary streams. The largest sediment impoundment, 
covering an area of 2285 m2, was the result of a road 
culvert being blocked by landslide sediment, which 
created a sediment trap at Big Creek (blue dot in Fig. 7 
and inset) which retained most landslide debris on site.

Discussion
Before the events of June 2016, soils developed in 
Permian tillite bedrock in Tasmania were not generally 
considered to be vulnerable to the initiation of landslides 
triggered by high rainfall. However, the landslides 
triggered at Oldina in June 2016 suggest that this Permian 
tillite terrain is indeed susceptible to landsliding albeit 
most likely only during or after exceptional rainfall, on 
slopes >26 degrees, and on clearfelled sites.
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Sampled ID1 Landform 
(2021)

Inferred 
palaeo-process

14C age2

(14C ka BP)
Method Median Calibrated 

age (OxCal)3; range in 
parenthesis
(cal ka BP)

Landslide 1 
Lower Wk-49488 Earth flow Uncertain;  

fire

30.263±0.290 AMS 34.75 (35.274–34.229)

Landslide 1 
Upper Wk-49489

16.823±0.060 AMS 20.30 (20.119–20.474)

Landslide 6 
WK-49490

Earth flow Uncertain;  
fire

12.569±0.036 AMS 14.94 (14.794–15.094) 
(65%)

Landslide 8 
Middle Wk-49491 Earth flow Sheet erosion;  

fire

13.060±0.036 AMS 15.58 (15.401–15.764)

Landslide 8 
Lower Wk-49492

23.157±120 AMS 27.45 (27.225–27.673)

Landslide 18 
Layer 2 Wk-46561 Earth flow Landslide;  

fire

0.201±0.027 Standard 0.18 (0.136–0.232)  
(56%)

Landslide 18  
Layer 3Wk-46562

1.186±0.016 AMS 1.05 (1.042–1.068)  
(73%)

Landslide 22 
Wk-45744

Earth flow Landslide;  
fire

2.027±0.025 Standard 1.94 (1.884–2.002)

Landslide 23  
Wk-49493

Stratified scree Periglacial 
freeze-thaw; fire 

13.854±0.040 AMS 16.77 (16.584–16.973)

Home Hill
Wk-22695 Stratified scree Periglacial 

freeze-thaw; fire

18.060±0.109 AMS 21.94 (21.659–22.224) 
(87%)

Home Hill
Wk-22696

20.675±0.120 AMS 24.86 (24.501–25.216)

Home Hill
Wk-24895

21.596±0.114 AMS 25.86 (25.696–26.013)

  

TABLE 1: Radiocarbon ages of charcoal in Oldina landslide backwalls and at Home Hill (McIntosh et al. 2012). 

1 Wk = Waikato Radiocarbon Dating Laboratory (New Zealand).
2 Laboratory values as reported (not rounded).
3 Median ages rounded to the nearest 10 yr, with the 95% probability range (as reported) in parentheses, except where 

otherwise indicated. 



Landslides initiated in June 2016 represent the 
youngest of three periods of slope instability recorded 
at Oldina during the Holocene epoch, at a time when the 
climate was warm and wet, and the landscape mostly 
forested, soils are likely to have been mostly stable. The 
evidence of dated charcoal collected from the headwalls 
of landslides 18 (0.18 cal ka BP and 1.05 cal ka BP) 
and 22 (1.94 cal ka BP), and the presence of layers of 
reddened soils and clasts indicative of hot fires (Ulery & 
Graham 1993; Hirsch et al. 2018) suggest that any slope 
instability during the Holocene was probably induced 
by natural fires and possibly the result of land clearance 
during early 19th century European colonisation rather 
than by climatic factors.

Other radiocarbon ages obtained indicate that the 
Oldina slope deposits are largely a product of Pleistocene 
(periglacial) rather than Holocene processes. For 
example, the 14C ages obtained from the headwall of 
landslide 1 indicate periods of slope instability during 
MIS 3 (34.75 cal ka BP) and again during the LGM within 
MIS 2 (20.30 cal ka BP). Ages obtained at landslide 8 
(27.45 cal ka BP and 15.58 cal ka BP), landslide 23 (16.77 
cal ka BP) and landslide 6 (14.94 cal ka BP (MIS 2 de-
glacial period)) indicate multiple periods of instability 

within colluvial deposits, probably as a result of freeze-
thaw processes. However, in several exposures, whether 
slope instability was caused by rapid movement (such as 
an earthflow) or by freeze-thaw processes could not be 
decided on the evidence available. 

The angular nature of the stratified scree (grèze litées) 
in the backwall of landslide 23, and its stratification 
and age (16.77 cal ka BP) indicate a freeze-thaw origin, 
probably in a periglacial environment. Stratified screes 
are not well documented in Tasmania but appear to be 
quite common. Examples occur near Mathinna in the 
northeast (Caine 1983; Sharples 1994; McIntosh et al. 
2009, 2012), in the Styx Valley in the south (Sharples 
1997; McIntosh et al. 2012) and at Home Hill vineyard 
near Huonville where they have been dated in the 
range 21–26 cal ka BP (Table 1) (McIntosh et al. 2012), 
indicating that at least the Home Hill deposits formed 
during the LGM, the coldest and driest period of the 
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FIGURE 7: Influence of roads, snig tracks (timber 
extraction tracks) and blocked culverts 
(green dot in main image and inset image) on 
landslide initiation and debris accumulation.

FIGURE 8: Landslide 6, backwall. Three layers are evi-
dent: a 1.3 m layer of gravelly silty clay (A), 
overlying a 30–50 cm deep layer of stony silty 
clay containing scattered charcoal fragments 
(B) dated 14.94 cal ka BP, overlying a very 
stony silty clay deposit (C).



Last Glacial period, in a sparsely vegetated landscape 
under a climate favouring rock fracturing and movement 
downslope by freeze-thaw processes. The 16.77 cal ka BP 
median age for the fine screes exposed in Landslide 23 is 
younger than the ages obtained at Home Hill (Table 1), 
indicating that at Oldina hillslope instability continued 
after the end of the LGM at about 17.5 ka BP (McIntosh 
et al. 2012), as also noted from the evidence of moraines 
and blockfields in Tasmania (Barrows et al. 2002, 2004; 
Mackintosh et al. 2006). It is likely that stratified screes 
formed from frost-prone Permian siltstone parent rock 
throughout MIS 2 in Tasmania, possibly intermittently 
after fires. The scarcity of charcoal in these stratified 
scree deposits confirms existence of tundra-like 
conditions at low altitudes in Tasmania to around 16.8 
cal ka BP.

The radiocarbon ages obtained, coupled with 
observations of sediment characteristics, indicate 
widespread slope instability, particularly in the form of 
freeze-thaw processes, in the near-coastal Oldina region 
during the late Last Glacial period, when the climate was 
more continental due to the land bridge existing across 

Bass Strait (Blom 1988), and when the overall climate in 
the Tasmanian region was not only colder but drier and 
supported drought-tolerant vegetation (McIntosh et al. 
2009; Colhoun and Shimeld 2012; McIntosh et al. 2012, 
2020).

Risk assessment and land management
Heavy rainfall is undoubtedly a major cause of mass 
movement (e.g., Tatard et al. 2010; Page et al. 2011; 
Garrido and Delgado 2013; Hong et al. 2017; Cogan et 
al. 2018; Qiu et al. 2019; Benz and Blum 2019). Most 
forested land was largely unaffected by the exceptional 
rainfall in June 2016, so it must be concluded that the 
unfortunate combination of recent forest harvest and 
heavy rain was the major contributor to the 2016 land 
instability in this geological terrain. Elsewhere heavy 
rain following natural fires has produced similar effects 
(e.g., Cannon et al. 2001; Shakesby & Doerr 2006; Nyman 
et al. 2011; Langhans et al. 2017; Rengers et al. 2020). 
Partial decomposition of roots (particularly fine roots) 
of the harvested pines (Watson et al. 1999; Ammann 
et al. 2009; Riley et al. 2013; Griffiths et al. 2020) was 
probably a factor contributing to instability at Oldina.
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FIGURE 9: A. general view of sidewall of Landslide 8, showing three layers. Charcoal was scattered in the middle and 
lower layers. The pick is 90 cm long. B. The middle layer is interpreted to be of fluvial origin – note the 
imbrication of small stones. C. The chaotic lower layer, containing abundant angular stones, is interpreted to 
be either an old landslide deposit or a colluvial deposit formed by freeze-thaw processes.
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As has been shown in this study, landslides classified 
as shallow earthflows, rotational landslides, and 
translational landslides can generate and transport large 
volumes of material considerable distances from source: 
the 29 landslides documented at Oldina displaced a total 
mass of between 48400 and 72300 t of soil and rock, 
the bulk of which was stored on-site at the confluence 
of streams or behind log jams. However, as the mass of 
material generated by small riparian landslides, sheet, 

gully, and rill erosion, or transported as suspended load 
downstream of the study site has not been accounted for, 
the calculation of the total mass of material (sediment 
and wood) generated is an underestimate. Furthermore, 
while the delivery of sediments and woody debris into 
Big Creek (the major stream draining the catchment) 
has in this instance been limited by on-site retention 
of sediment behind log jams, these log jams will in 
time disintegrate, releasing material into Big Creek 
and probably into the Inglis River estuary. To avoid 
recurrence of these erosion and stream sedimentation 
issues, mitigation strategies will be required to stabilise 
riparian slopes and limit the transport of sediment and 
woody-debris off-site via the stream network. 

The Oldina landslides triggered a notification to the 
FPA, as required by the Tasmanian Forest Practices Code 
(FPA 2015) current at the time. The landslides directly 
impacted the plantation area, causing soil loss, loss of land 
availability for the next rotation, and the partial burial of 
access tracks and roads. In order to prevent long-term 
loss of land productivity (Blaschke et al. 2000) which can 
lead to property devaluation (Zumpano et al. 2018), and 
to stabilise riparian slopes, limit landslide expansion 
and prevent formation of new landslides, the company 

FIGURE 10: A. The stratigraphy of the streambed at 
Landslide 18. The June 2016 debris forms 
Layer 1, a loose light brown stony layer. 
Blue arrows indicate charcoal layers. Layers 
2 and 3 were radiocarbon dated, producing 
a median age of 0.18 cal ka BP and 1.05 cal 
ka BP for the top of each layer respectively 
(Table 1). Tape is 80-cm long; B. Detail of 
buried soil below rock in Layer 2. Tape is 
50-cm long.

FIGURE 11: The backwall of Landslide 22. The outlined 
zone contains charcoal dated 1.94 cal ka 
BP (Table 1). It is likely to be the remains 
of a topsoil disturbed by mass movement, 
probably following a fire which baked the 
red-brown rocks in the lower horizon and 
those to the left of the tape. The top 1.1 
m of the profile is soil that includes an A2 
horizon. The tape is 2-m long.
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FIGURE 12: Landslide 23 formed by collapse of weakly 
stratified fine scree. On the sidewall of this 
landslide a thin band containing charcoal 
is indicated by the triangular marker. The 
median age of the charcoal (16.77 cal ka 
BP) indicates that the scree accumulated 
in a cold climate period (during MIS 2) as 
a periglacial deposit. The hammer is 27 
cm long and the exposed section is about 
1.5 m high.

FIGURE 13: View of debris dam immediately downstream of Landslide 1. Riparian slopes have been re-established to 
native forest by oversowing and natural seed regeneration. Outside these areas a healthy Pinus radiata 
plantation has been established. 



responsible for managing the Oldina plantations has, on 
the recommendation of the Forest Practices Authority, 
oversown all eroding slopes and all riparian zones with 
native tree species (Eucalyptus obliqua L’Hér., Eucalyptus 
viminalis Labill. and Acacia melanoxylon R.Br.) (Fig. 13). 

It is noteworthy that White et al. (2010) predicted that 
with climate change the mean maximum 1-day rainfall 
intensities across the whole of Tasmania will increase by 
up to 35% in some coastal regions, especially in winter, 
and such changes are supported by the work of Grose 
et al. (2012), Gariano & Guzzetti (2016) and Nyman et 
al. (2019). These riparian protection measures, together 
with the protection provided by existing native riparian 
species such as Leptospermum scoparium J.R. et G.Forst. 
and Dicksonia antarctica Labill., should reduce the risk 
of future instability and provide long-term riparian and 
catchment protection (Schmidt et al. 2001; Roering et 
al. 2003; Ghestem et al. 2014; Stokes et al. 2014; Cohen 
and Schwarz 2017), and should be applied elsewhere in 
steep Permian tillite terrain.

Conclusions and Recommendations
Landslides initiated during exceptional rainfall in June 
2016 represent the youngest of four periods of slope 
instability recorded at Oldina. Although there is evidence 
of limited mass movement during the late Holocene, 
when the climate was warm and wet and the Oldina area 
was forested, the Oldina landscape during this period 
is likely to have been mostly stable. The presence of 
layers of reddened soils and clasts in the headwalls of 
landslides suggests that any slope instability during the 
late Holocene was probably induced by natural fires and 
possibly the result of land clearance during early 19th 
century European colonisation rather than attributable 
to climatic factors. 

The radiocarbon ages obtained suggest that the 
present-day landforms at Oldina are largely the product 
of widespread slope instability during the late Last 
Glacial period and result from the action of freeze-thaw 
processes on frost-prone Permian tillite parent rock 
when the overall climate in the Tasmanian region was 
not only colder but drier. 

It is concluded that instability on these steeplands is 
not typical under the Holocene climate, but in this most 
recent instance was caused by unprecedented rainfall 
shortly after plantation harvest.

In view of the likelihood of high-intensity rainfall 
occurring more frequently in the future, and its 
inevitable occasional coincidence with forest harvest, 
greater riparian protection measures will be required 
on soils formed in Permian tillite and similar rock types, 
particularly where riparian zones are steep.

To improve long term steepland stability and 
plantation sustainability in Permian tillite terrain, all 
harvested landslide-prone riparian areas in the Oldina 
plantations have been oversown with native species and 
this policy is recommended on similar terrain elsewhere.
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