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Abstract

Permeability hosted in andesitic lava flows is dominantly controlled by fracture

systems, with geometries that are often poorly constrained. This paper ex-

plores the fracture system geometry of an andesitic lava flow formed during its

emplacement and cooling over gentle paleo-topography, on the active Ruapehu

volcano, New Zealand. The fracture system comprises column-forming and platy

fractures within the blocky interior of the lava flow, bounded by autobreccias

partially observed at the base and top of the outcrop. We use a terrestrial

laser scanner (TLS) dataset to extract column-forming fractures directly from

the point-cloud shape over an outcrop area of ∼3090m2. Fracture processing is

validated using manual scanlines and high-resolution panoramic photographs.

Column-forming fractures are either steeply or gently dipping with no preferred

strike orientation. Geometric analysis of fractures derived from the TLS, in

combination with virtual scanlines and trace maps, reveals that: (1) steeply

dipping column-forming fracture lengths follow a scale-dependent exponential

or log-normal distribution rather than a scale-independent power-law; (2) frac-
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ture intensities (combining density and size) vary throughout the blocky zone

but have similar mean values up and along the lava flow; and (3) the areal

fracture intensity is higher in the autobreccia than in the blocky zone. The

inter-connected fracture network has a connected porosity of ∼0.5% that pro-

mote fluid flow vertically and laterally within the blocky zone, and is partially

connected to the autobreccias. Autobreccias may act either as lateral perme-

ability connections or barriers in reservoirs, depending on burial and alteration

history. A discrete fracture network model generated from these geometrical

parameters yields a highly connected fracture network, consistent with outcrop

observations.

Keywords: fracture system, andesite lava flow, terrestrial laser scanner,

Ruapehu volcano

Highlights:

• fracture orientation and density from a TLS 3-D point cloud in an andesitic

lava flow

• column-forming fractures are oriented parallel or perpendicular to the

brecciated base

• exponential length distribution, and ∼0.5% connected fracture porosity

assuming a 2mm mean aperture

• discrete fracture network models from measured geometries yield high

connectivity

1. Introduction

Numerous geothermal, groundwater, CO2 storage, radioactive storage, and

more recently hydrocarbons reservoirs are hosted in lava flows (Custodio, 2007;

Feng, 2008; Bertani, 2016). In these reservoirs, fluid flow is inferred to be con-

trolled by fractures and faults, but the identification and geometric description
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of permeable fracture networks often remains problematic (Arnórsson, 1995;

Chen et al., 2001; Nemčok et al., 2007).

Fracture morphologies in lava flows have been extensively studied in basalts

(e.g., DeGraff & Aydin, 1987; Schaefer & Kattenhorn, 2004; Hetényi et al., 2011;

Vye-Brown et al., 2013) and less frequently in andesites (Doyuran et al., 1993;

Deng et al., 1995; McCaffrey et al., 2003; Spörli & Rowland, 2006; Conway

et al., 2015). Lava flows commonly have massive and fractured interiors, sur-

rounded by autobreccias caused by mechanical breakage (Bonnichsen & Kauff-

man, 1987). The most prominent fracture types in the flow interior are column-

forming joints, generated by the thermal stresses associated with cooling of the

lava flow from the margins to the interior by contact with water or the atmo-

sphere (DeGraff & Aydin, 1987, 1993; Lore et al., 2000). Fracture geometries

depend on multiple environmental and lithological parameters including com-

position, weathering, cooling rate, morphology, paleo-topography, and crystal

size (Grossenbacher & McDuffie, 1995; Karpuz & Paşamehmetoğlu, 1997; Cus-

todio, 2007; Kattenhorn & Schaefer, 2008; Hetényi et al., 2011). Among other

factors, the higher silica content of andesites (57–63wt.% SiO2) than basalts

(45–57wt.% SiO2), associated with different cooling rates, may produce differ-

ent fracture distributions (Forbes et al., 2014). The large range of silica content

in andesites may also create variability in the fracture systems between different

andesite lava flows.

Fracture systems in lava flow-hosted reservoirs result from the initial em-

placement of the lava as well as subsequent interaction between tectonic, ther-

mal, and hydrothermal processes (Fournier, 1998; Gudmundsson et al., 2001;

Nemčok et al., 2004; Hetényi et al., 2011). The Rotokawa geothermal reservoir

located in the Taupo Volcanic Zone (TVZ), New Zealand, is an example of one

such andesite-hosted geothermal reservoir, in which the hydrothermally altered

andesites have a low porosity (4.4–16.3%) and high strength (unconfined com-

pressive strength -UCS- of 70–211MPa), and fluid flow is structurally controlled

(Siratovich et al., 2014; McNamara et al., 2015). Although the importance of

fractures for fluid flow in this geothermal field is widely accepted, the fracture
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distributions throughout the reservoirs are poorly understood. Establishing a

“baseline” for the fracture distribution formed during the lava flow emplacement

is a critical step for improved targeting of permeable fractures in reservoirs.

Fracture models can help with the management of resources via analysis of

preferential flow pathways. Discrete fracture network (DFN) models describe

fluid flow processes through rock masses by stochastically generating fractures

(Dershowitz & Einstein, 1988; de Dreuzy et al., 2013). DFNs rely on the input

of fracture geometries (mainly orientation, size, frequency and aperture). A

number of probability distributions of fracture size (length or radius) and density

have been used to generate fracture network models in basaltic and andesitic

reservoirs (Doyuran et al., 1993; Deng et al., 1995; Chen et al., 2001; Lee et al.,

2010; Pollyea et al., 2014) reflecting the variability of fracture geometries in such

lithologies.

Probability distributions of fracture geometries are typically estimated from

1-D scanlines in outcrop (Priest, 1993) and boreholes using image logs (e.g.,

Barton et al., 1995; Massiot et al., 2015a), or 2-D circular sampling in outcrops

(Mauldon et al., 2001). Terrestrial laser scanner (TLS) datasets, also called

terrestrial Lidar, allow a comprehensive fracture analysis of an entire outcrop

in 3-D, which is therefore less subject to observation biases than scanlines or

window samplings of limited sizes (though other specific biases have to be con-

sidered; Lato et al., 2010), and supports more reliable statistics on fracture

geometries (Hodgetts, 2013). The large fracture datasets obtained from TLS

are sometimes different from empirical relationships defined from scanlines, and

TLS data may be more appropriate than scanlines for reservoir analogue studies

(Pearce et al., 2011). TLS studies are increasingly applied to geoscientific ques-

tions (Abellan et al., 2016), including in volcanic settings (e.g., Massey et al.,

2010; Nelson et al., 2011; Geyer et al., 2015; Nelson et al., 2015). Fracture delin-

eation from TLS has been used for slope stability analysis (Deparis et al., 2008),

fracture density statistics in sedimentary and plutonic formations (Jones et al.,

2008; Rotevatn et al., 2009; Pearce et al., 2011), and input into reservoir sim-

ulations (Enge et al., 2007; Fabuel-Perez et al., 2010) or DFN models (Wilson
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et al., 2011) in the hydrocarbon industry (see Hodgetts, 2013, and references

therein). Fracture systems within lava flows have rarely been studied using TLS,

focusing on basalt (Pollyea & Fairley, 2012) rather than andesite flows. Alterna-

tive structure-from-motion photogrammetry acquired from drones is becoming

common for structural analysis of outcrop (Bemis et al., 2014), thanks to its low

cost and ease of use. However, TLS datasets are still more accurate and suit-

able for the measurements of fracture geometries for reservoir applications at

present than structure-from-motion photogrammetry (James & Robson, 2012;

Hodgetts, 2013).

In this paper, we provide constraints for DFN models of a fracture system

in an andesitic lava flow of the Ruapehu volcano, New Zealand, based on the

analysis of a TLS dataset. We use the recently developed “Facets” methodology

for extracting fractures from a TLS point cloud based solely on the shape of

the outcrop (Dewez et al., 2016). We discuss the implications of the fracture

geometries obtained from the TLS dataset for the permeability of andesite-

hosted reservoirs, using synthetic DFN models.

2. Geological Setting

2.1. Ruapehu volcano, Central North Island of New Zealand

Ruapehu is New Zealand’s largest active andesitic volcano, located at the

southern end of the Taupo Volcanic Zone (TVZ) in the central North Island

of New Zealand (Figure 1; Hackett & Houghton, 1989; Wilson et al., 1995).

Ruapehu may be as old as 340 kyr (Tost & Cronin, 2015), but the exposed

edifice was mainly constructed by basaltic-andesite to dacite lava effusion in the

last 200 kyr (Gamble et al., 2003; Conway et al., 2016). Ruapehu is primarily

composed of blocky lava flows and autobreccias, with 54–65wt.% SiO2 (Hackett

& Houghton, 1989). Porphyritic andesite lavas of the Whakapapa Formation

were emplaced between 10 and 4 ka and form much of the upper flanks of the

volcano (Conway et al., 2015, 2016). Post-glacial lava flows such as those of the

Whakapapa Formation have low height-to-width ratios (<1:10), are typically
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<5m thick, and are associated with autobreccias and welded spatter (Conway

et al., 2015).

2.2. Description of the Happy Valley Outcrop

The present study focuses on a lava flow in “Happy Valley” located near

the Iwikau Village ski field on the NNW flank of Ruapehu (Figure 1a). The

Happy Valley flow is part of a Holocene low-volume coherent andesite lava flow

that was emplaced on a relatively shallow slope gradient (∼10◦) on the flanks

of Ruapehu. As such, it is a representative site for constraining the fracture ge-

ometries and properties of Whakapapa Formation lavas, and similar sheet flows

and autobreccias that make up the older formations at Ruapehu at mid-low

elevations (<1600m, Happy Valley’s altitude) where the ice extent was limited.

While the compositional range of Ruapehu lavas extends from ∼54–65wt.%

SiO2, andesite lavas with ∼58–60 wt.% SiO2 such as Happy Valley are the

most common eruptive product (Price et al., 2012; Conway et al., 2016). Hack-

ett & Houghton (1989) concluded that sheet lavas and associated autobreccias

comprise ∼88 vol.% of the edifice. Other deposits that form the Ruapehu edifice

include hyaloclastite breccias, pyroclastic rocks, alluvium, and debris avalanche

deposits which likely have distinct fracture properties compared to the Happy

Valley lava flow.

The Happy Valley outcrop is a ∼210m-long section of a 4.5–21m-thick,

young (∼6 ka; Conway et al., 2016) lava flow of the Whakapapa Formation

with 59wt.%SiO2 (Wysoczanski, 1989). The rock face predominantly presents

the interior of a blocky andesite lava flow emplaced over low-angle topography

(slope ∼10◦; Figures 1b-c, 2a). The lava flow is underlain by a lower autobreccia

(referred to as “breccia” in the remaining of the paper) which is intermittently

observed. The upper breccia is mostly hidden by vegetation or eroded, and a

1–3m-thick zone is observable in the northern part of the outcrop (see Section

4.3). The results presented here are representative of this “simple” configuration

and do not take into account fracturing caused by lava-ice interactions (Conway

et al., 2015), emplacement over a knob, variations in composition, faulting, or
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other parameters as described by Hetényi et al. (2011).

Fractures studied in this outcrop are joints formed in mode I (opening only)

during the emplacement and cooling of the lava flow at the ground surface (De-

Graff & Aydin, 1987; Pollard & Aydin, 1988), and are referred to as “fractures”

in the general sense of a discontinuity. Two main types of fractures are observed

in the Happy Valley outcrop:

1. Column-forming fractures: most common fractures, which delimit columns

of polygonal cross-section, roughly perpendicular to the top and base of

the lava flow. These fractures are straight to curved (Figure 3a), and

divide the rock mass into blocks (Figure 1c.

2. Platy fractures: closely-spaced fractures, spatially clustered, sub-parallel

to each other, along which the lava breaks into flaky sheets or smaller

platy fragments (mm-cm-thick, 1–100 cm across; Figure 3a) as described

by Lescinsky & Fink (2000) and Conway et al. (2015). Platy fractures are

generally subhorizontal in the central zones of the flow and moderately to

steeply inclined in the upper zones. They form along planes of weakness

parallel to aligned crystals, and thin, vesicle-rich layers (Conway et al.,

2015).

3. TLS Processing, Fracture Processing and Fracture Analysis

3.1. Data Acquisition

TLS devices emit and receive laser pulses at predefined vertical and horizon-

tal angular intervals. The resulting high-density 3-D point cloud is a measure-

ment of the location (x, y, z) and backscattered energy of each pulse reflected

off a surface (Pfeifer & Briese, 2007; Buckley et al., 2008). By rotating both

horizontally and vertically the TLS can survey the target surface with an array

of millions of measurements. In this study, TLS scans were acquired using the

Riegl LMS-Z420I instrument from three positions precisely located by Leica se-

ries 1200 RTK GPS measurements, with one station mounted directly on the

TLS and two additional stations located on top of the outcrop (Appendix A).
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The acquisition of TLS scans from several locations and angles to the target

limits blind areas in the final combined point cloud, such as behind buildings

that the laser rays cannot directly access, and more accurately characterises the

target surface by reducing the line-of-sight and distance bias (Buckley et al.,

2008). TLS point cloud resolution is ∼4–5 cm after processing (Appendix A).

Georeferenced photographs were also taken from each TLS location. While pho-

tographs can be visualised in 3-D after being draped over the TLS point cloud,

they lack the resolution to show fine details (<1 cm).

Three high-resolution panoramic photographs were acquired with a Gigapan

system from different angles to cover the entire outcrop studied, providing de-

tails at the centimetric to millimetric scale (Gigapan, 2016, Figures 2a and 3a).

As they are not georeferenced, Gigapan photographs were not draped over the

point cloud, but their higher resolution complements the georeferenced pictures.

The location, length, and terminating relationships of 192 column-forming

fractures were measured manually along a 100m-long scanline near the base

of the outcrop (Figure 2a, Table 1). Changes of facies (blocky or breccia)

were also noted. The scanline is made at different heights near the base of

the outcrop, and with variable trend and plunge, which ensures sampling of

fractures at a range of angles to the flow direction. In addition to the scanline

per se, the orientation and spacing of two zones of closely-spaced platy fractures

intersecting, and located near the scanline, respectively, were measured. While

the scanline does not cover the whole area measured by the TLS, it offers detailed

insights into the relationships between fractures, and a calibration for the TLS

fracture delineation.

3.2. Fracture delineation From the TLS Point Cloud

Several approaches have been developed to extract fractures and their prop-

erties from a TLS point cloud using various computational strategies and degrees

of user interaction. These approaches aim to delineate fracture traces perpen-

dicular to, or planes sub-parallel to exposures. Fracture traces or faces can be

delineated manually on photographs before (Nelson et al., 2011) or after draping
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over the point cloud (referred to as digital outcrop model, DOM; Buckley et al.,

2008; Hardebol & Bertotti, 2013). The generation of a DOM requires the point

cloud to be meshed, which can be a computationally complex task where there

is significant outcrop topography. Methods for automatically sampling fracture

traces have been developed (Umili et al., 2013), but the fracture orientations

in such cases are not well constrained. Fully- or semi-automatic detection of

fracture faces typically depends on the a priori definition of fracture sets of spe-

cific orientations, and operate with or without meshing of the point cloud (e.g.,

Olariu et al., 2008; Garćıa-Sellés et al., 2011; Gigli & Casagli, 2011; Riquelme

et al., 2014). The ability of these techniques to detect fractures is limited in

the absence of fracture populations of specific orientations, as is the case in

lava flows. Pollyea & Fairley (2011) used the higher roughness occurring at the

fracture edges to detect fracture densities, but this technique does not provide

fracture orientation and size.

In this work, fractures are extracted directly from the shape of the 3-D

point cloud TLS dataset, using the Facets plugin in CloudCompare (Dewez

et al., 2016; CloudCompare, 2016), as detailed in Appendix A and Figure 4.

Fractures are defined by portions of the point cloud that are approximatively

coplanar (Figure 5a, Table A.1. The resulting fracture dataset contains the

geometry of the planes forming the outcrop: the XYZ coordinates in the centre

of each plane, together with the orientation and size (length, height, area) of

the locally fitted plane. Overall, 3403 fractures covering an area of ∼3090m2

were delineated from the TLS point cloud.

Fracture orientations extracted from the TLS, and measured by hand, only

differ by a few degrees in both dip magnitude and dip (Appendix A), a discrep-

ancy consistent with the accuracies of TLS reported by Sturzenegger & Stead

(2009a) and hand-held compass measurements.

3.3. Sampling Bias

Both the scanline measurements and the fracture dataset extracted from the

TLS are affected by the under-sampling of the smallest fractures and the low
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probability of intersection of the scarce larger fractures with the outcrop face

(Pickering et al., 1995; Priest, 2004).

On the scanline, fractures <0.05m-long were not recorded. The length was

fully measured when the terminations were ∼3.5m above, and 0.5–1.5m below

the scanline (depending on the height of the scanline above ground). The longest

fracture (11.6m) is sub-horizontal and was not affected by the sampling bias.

Fracture length where one or both terminations were beyond the scanline swath

are referred to as censored, and are thus longer than the reported measurement

(Pickering et al., 1995).

The TLS-processed dataset contains only column-forming fractures. The

detection of long fractures by the TLS is only affected by the height of the out-

crop and location in line-of-sight (Buckley et al., 2008). The fracture processing

extracts planes bounding the point subsets (Figure 5b), which limits the bias

related to the measurement of chords to fractures instead of the fracture length

itself (f-bias in Priest, 2004). Fractures with length <0.2m were not resolved

from the TLS point cloud (Appendix A). The centimetre-scale relief of column-

forming fracture’s growth increments visible on panoramic photographs is too

small to be captured by the TLS (Appendix A, Figure A.1). Similarly, in-plane

fractures that do not exhibit any 3-D relief are not resolved (Figures 3, A.1).

Manual observations and investigation of Gigapan panoramas showed that this

sampling bias is limited. Changes of facies (blocky lava and breccia), are also

not detected by the TLS processing (Figure 3). The platy fractures are small

and non-planar: they are not resolved by the TLS and are fitted collectively by

a single plane (Figure 3).

3.4. Fracture Analysis Method

The inputs to discrete fracture network (DFN) models are probability dis-

tributions of fracture orientations, lengths, intensities (which combine fracture

density and size), terminations, and apertures (Berkowitz, 2002). The steps used

in this study to analyse fractures are summarised in Figure 4. We adopt the

fracture density nomenclature “Pij” commonly used in DFN modelling which
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jointly describes the dimensionality of the sampling region (i) and the dimen-

sionality of the fracture property (j) (Dershowitz & Herda, 1992).

Fracture orientation is analysed directly from the results of the TLS pro-

cessing and scanline measurements (Figure 2c-d). The spatial distribution of

fracture area is presented in Figure 2e. To assess the variability of fracture den-

sity within the outcrop, we evaluate P10, the number of fractures intersected

per unit length of scanline,along a series of virtual scanlines through the TLS-

processed dataset at 10 cm intervals in two orthogonal directions. Sub-horizontal

scanlines parallel to the brecciated base (dipping ∼10◦) measure P10 from the

base to the top of the lava flow, whereas sub-vertical scanlines perpendicular

to the brecciated base (dipping ∼84◦) measure P10 upflow to downflow. The

calculations are made with the “Stratigraphy” tool of SEFL software (Laubach

et al., 2009; Garćıa-Sellés et al., 2016). P10 values are affected by the shape of

the outcrop, so we present results for zones which are sufficiently wide, high,

and planar, namely zones 2, 4, 6, and 8 illustrated in Figure 7. We include in

the analysis only those virtual scanlines that (1) are ≥10m long, (2) intersect

≥10 fractures, and (3) are fully contained within the extent of the outcrop.

The P32 parameter (which expresses the summed area of fracture per volume

of rock) is a measure of fracture intensity that combines both fracture density

and size. P32 is a favoured intensity measure with which to characterise fracture

systems, as it is invariant with respect to the distribution of fracture size and

is scale independent; that is, it does not depend on the volume studied or the

orientation of the measurements (Dershowitz & Einstein, 1988). P32 cannot

be directly measured but can be derived from the P21 parameter (the summed

length of fracture traces per area of rock):

P21 = Lf/At (1)

where Lf is the total length of fracture traces measured on a surface of area

At. P21 is classically measured on trace maps, which represent the intersection

(“traces”) of fractures with an outcrop (Figure 5b; see examples in Figure 13b).

In this work, P21 is evaluated in two ways: (1) directly using the TLS-processed
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fractures as the area used to sample fracture traces (although not perfectly

planar); and (2) using virtual trace maps in the Fracman software. The first

case assumes that TLS-processed fractures are tiled next to each other over a

surface best-fitting the outcrop of area At:

P21 =

!n
i pi/2

At
(2)

with pi being the perimeter of each fracture. The edge of each fracture is

shared with a neighbouring fracture, so the total length of the segments is half

the summed perimeter of each fracture. At is measured using Gocad software

by fitting a surface to the point cloud.

In the second case, two series of virtual sections orthogonal to the outcrop

face are generated, yielding virtual trace maps parallel and orthogonal to the

lower breccia (i.e. sub-horizontal and sub-vertical). In this case, the At is mea-

sured as

At = lscanline ·W (3)

with lscanline the length of the polyline formed at the the intersection between

the outcrop surface and the trace map plane, and W a constant, fixed at 1m

based on visual inspections, which takes into account the sampling area of the

shape of the outcrop.

Finally, the P32 parameter is proportional to P21:

P32 = C32 · P21 (4)

where C32 is related to the orientation distribution of the fractures (Wang, 2005).

When all fractures have the same aperture, P33, the volume of fractures per

volume of rock (and thus the fracture porosity when reported as a percentage),

is proportional to the fracture aperture a:

P33 = a · P32 = a · C32 · P21 (5)

The probability distribution of fracture lengths is evaluated from the vir-

tual trace maps parallel and orthogonal to the lower breccia. Fracture traces

12
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sampled at the intersections of the TLS-processed fractures and the trace maps

are “chords” to the actual fracture extent (Figure 5b). Fractures are modelled

as penny-shaped disks, with a radius r and an aperture a. Probability distri-

butions are fitted to the fracture traces, and then converted to a distribution

of fracture radii in Fracman following Zhang et al. (2002). Three distributions

commonly found to describe fracture lengths are tested (Bonnet et al., 2001):

exponential, log-normal and power-law (Table 1). Fitting of these probabil-

ity distributions to empirical cumulative density functions (CDFs) of fracture

segments is evaluated with Kolmogorov–Smirnov (K–S) tests. A good fit is char-

acterised by a low distance D between the estimated and empirical CDFs, and a

high significance level. Finally, the fit of the complementary cumulative density

function (CCDF; which is 1-CDF) to a linear model in log-linear and log-log

plots, provides additional indication of the preferential fit to an exponential or

a power-law distribution, respectively.

4. Results: Fracture Geometries

4.1. Orientation

Column-forming fractures have two main orientations: steeply dipping (>55◦),

and gently dipping (<30◦), without a preferred strike orientation (Table 1). The

scanline measurements reveal these two dip magnitude sets (Figure 6a) and the

large variety of strike orientations (Figure 7b), regardless of the scanline trend

which varies along the profile. The ratio of gently to steeply dipping fractures

is 1:3, after correction for orientation sampling bias (Table 1; Terzaghi, 1965).

Platy fractures observed on scanlines are gently dipping (10–25◦). The correc-

tion for sampling bias involves the geometrical correction factor w based on the

observed acute angle d between the scanline trend and the normal to the dis-

continuity: w = 1/ cos d. When d approaches 90◦ (fracture sub-parallel to the

scanline trend), w becomes very large; in this case, a single point could dominate

the distribution pattern. Following (Priest, 1993), with a fracture orientation

accuracy of ∼ 3◦, we adopt a maximum value of w=10.
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TLS-processed column-forming fractures are steeply dipping and strike sub-

parallel to the outcrop, regardless of its orientation (Figure 7a), which confirms

that there is no preferred strike orientation. Gently-dipping column-forming

fractures are not well delineated by TLS processing because they are usually not

in direct line-of-sight, and have insufficient 3-D relief (Figure 6a). The overall

high density of fractures striking N–S relates to the large outcrop area with a

∼174◦–354◦ strike orientation (zones 1 to 4). The varied strike orientation of the

Happy Valley outcrop makes it suitable for extracting reliable statistics, similar

to making scanlines in several directions as recommended by Priest (1993). The

orientations of the steeply-dipping and gently-dipping column-forming fractures

can thus be modelled using bivariate normal distributions (Table 1).

4.2. Connectivity (Scanlines) and Length (TLS and Scanlines)

The scanline dataset indicates that fractures are highly connected (fracture

connectivity is not quantifiable from the TLS-processed dataset). Overall, 60%

of the fractures with two observed tips observed terminate on another fracture at

both ends, and an additional 30% on one end, yielding a termination probability

of 75% (Table 1).

Scanline and TLS-processed datasets show a large range of fracture lengths

about medians of 0.65 and 1m, respectively (Table 1, Figure 6b). The TLS-

processed fractures are longer in average than those on the scanline due to

sampling biases (see Section 3.3). The longest fractures measured on the scanline

and TLS-processed dataset (∼≥5m) are steeply dipping (>70◦). Moreover,

numerous censored fractures (i.e. reported lengths are minimums) measured on

the scanline are steeply dipping. By contrast, a long (11.6m) sub-horizontal

column-forming fracture was measured on the scanline, which was not detectable

by the TLS processing.

Fracture radius follows either a negative exponential or a log-normal dis-

tribution. On sub-horizontal virtual trace maps parallel to the lower breccia,

including a trace map at the manual scanline location, these two distributions

have similar K–S test results (with median D of 0.07 and 0.08, and median
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significance of 0.99 and 0.92, for the exponential and log-normal distributions,

respectively), while power-law distributions always present poorer fits (median

D of 0.15 and median significance of 0.31). Sub-vertical trace maps orthogo-

nal to the lower breccia are under-constrained because of the limited number

of fractures intersected along 8–15m-long trace maps, but also have better fits

to negative exponential and log-normal distributions than to power-law distri-

butions. Sturzenegger & Stead (2009b) showed that the lower bound of the

log-normal length distributions of TLS-processed fractures differs at different

observation scales, and recommended using an exponential distribution. Given

the limited range of observations of fracture radius at Happy Valley (1.5 or-

ders of magnitude), we also favour the negative exponential distribution over

the log-normal distribution because it has only one parameter, rather than the

log-normal distribution which has two. Using an exponential instead of a log-

normal distribution in conditions where both fit the data similarly well avoids

over-parametrisation.

The exponential parameter 1
λ

of the fracture radius evaluated from sub-

horizontal trace maps (hence from fracture radius chords, Figure 5b) ranges

between 0.4–0.6m with a median of 0.5m (Table A.3; parameters of the power-

law and log-normal distribution fits are also included for comparison). There

is no clear correlation between variations of probability distribution parameters

and the location of the measurement within the lava-flow, either along flow or

from base to top.

The preferred exponential distribution of fracture length (and thus radius)

is confirmed by the scanline measurements. The complementary cumulative

density functions (CCDFs) of fracture length measured on the scanline (with

and without censored fractures), TLS-processed dataset, and on the subset of

TLS-processed fractures in the manual scanline zone, all show a good fit to an

exponential distribution (straight line in a log-linear plot; Figure 8). In addition,

the exponential coefficients λ are similar for all these subsets (0.3–0.5m−1).
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4.3. Variability of Fracture Area Between Breccia and Blocky Facies

Straight to curved columnar fractures either stop at the massive/breccia in-

terface, or bifurcate in the mechanically weak and heterogeneous breccias (Fig-

ure 3). There are few exposures of the lower breccia at Happy Valley, but

observations suggest that the fracture propagation is less affected by breccias

with small clasts than with large clasts.

Fractures in the upper breccia zone, at the northern end of the outcrop,

are smaller than in the underlying blocky zone, as revealed by the empirical

probability density function (PDF) of fracture area (Figure 9c). While the

median fracture area is similar in both the blocky and upper breccia zones (0.8

and 1.1m2, respectively), only 4% of fractures in the breccia exceed 5m2 in

area, versus 15% in the blocky zone.

4.4. Linear Fracture Intensity: P10

P10 measured along a series of virtual scanlines intersecting the TLS-processed

dataset varies between 0.7–1.7m−1, with a mean of 1.2±0.1m−1 (one standard

deviation; Figure 10, Table 1). Sub-horizontal virtual scanlines show no clear

relationship between the P10 value and location within the lava flow either from

the base to the top of the blocky part of the outcrop, nor in the breccia inter-

sected in zones 2 and 4 (Figure 7). There are no observed lateral variations

of P10 between the up-flow and down-flow parts of the outcrop, as seen on

sub-vertical virtual scanlines which sample the entire thickness of the outcrop.

Steeply-dipping column-forming fractures measured along the manual scanline

have a slightly higher P10 (1.5m−1) than the TLS-processed dataset, which

reflects the additional sampling of short fractures.

4.5. Areal (P21) and Volumetric (P32) Intensity, and Fracture Porosity (P33)

The P21 of the steeply-dipping column-forming fractures for the blocky zone

of this outcrop is estimated to be ∼1.8–2.0m−1 (Table 1; Figure 11). The P21

value evaluated directly from the surface of the outcrop is 1.8–2.0m−1 in the

blocky parts of the outcrop. P21 in the upper breccia of zones 2–4 is 2.6m−1,
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reflecting smaller fracture sizes than in the blocky region, and hence the higher

total fracture edge length. The P21 derived from virtual trace maps parallel to

the lower breccia is similar (1.7–2.2m−1) to those estimated from the surface

of the outcrop, and does not exhibit any discernible variation related to the

position in the outcrop (Figure 11). P21 values derived from sub-vertical trace

maps orthogonal to the lower breccia are less constrained than those measured

from trace maps parallel to the lower breccia, because of the lower number of

intersected fractures, but have a similar range and median of P21 values. The

two lowest P21 values, in zones 5 to 8, are measured in the narrowest part of

the outcrop (10m high) and are thus the least reliable.

Calculation of the P33 parameter includes the C32 parameter and fracture

aperture (Equation 5). Calculation of the C32 parameter requires the assump-

tion that fracture sets define clusters with a mean orientation, or that orientation

is isotropic (Wang, 2005). In the Happy Valley outcrop, fracture strikes lack a

mean orientation. Although there are two sets of dip magnitude, we use the C32

value of 1.27 applicable to the isotropic case as an approximation (Wang, 2005).

The corresponding P32 is 2.3–2.5m−1 (Equation 4). Sparse scanline measure-

ments show that the fracture aperture is ∼ 2mm (aperture is not measurable

from the TLS as it is smaller than the point cloud resolution). The resulting P33

value for steeply dipping column-forming fractures is 0.0046–0.005, equivalent

to ∼0.5% fracture porosity (Figure 11).

5. Discussion

5.1. Column-forming Fracture Orientation and Size

Column-forming fractures at Happy Valley are either steeply- or gently-

dipping, i.e. sub-perpendicular or sub-parallel to the lower breccia, without pre-

ferred strike orientation. These orientations are similar to outcrop observations

away from the lateral margins in previous studies (DeGraff & Aydin, 1987;

Schaefer & Kattenhorn, 2004), and numerical models (Lore et al., 2000, 2001;

Kattenhorn & Schaefer, 2008) for basalt lava flows, and result from a cooling
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front causing thermal stresses propagating inward from the base and the top of

the lava flow.

TLS-processed fracture radii (modelled as disks) follow an exponential or a

log-normal distribution; the exponential distribution is preferred here as it has

only one parameter, and because it provides a good approximation of fracture

length in the manual scanline and TLS-processed dataset. The robustness of this

analysis is limited by the scale range of observations which spans less than two

orders of magnitude. Fracture length measurements from thin sections would

extend the range of observations to scales <1 cm and strengthen results from

outcrop-scale observations, assuming that fractures at both scales result from

the same processes.

The exponential fracture length distribution found in the Happy Valley an-

desite is consistent with the statistical analysis reported on moderately-weathered

outcropping andesites (Sari et al., 2010), in the vicinity of mid-oceanic ridges

in volcanic lava flows (Carbotte & Macdonald, 1994), and in other non-volcanic

rocks (Cruden, 1977; Hudson & Priest, 1979; Priest & Hudson, 1981; Kulati-

lake et al., 1993; Aler et al., 1996). Exponential length distributions have been

related to a growth process controlled by a uniform stress distribution (Der-

showitz & Einstein, 1988), where the propagation of fractures is a Poissonian

(random) process. In a lava flow, the thermal stress is controlled by the advance

of the cooling from the outside to the inside of the lava flow; at a given time,

the thermal stress is thus uniform in the direction parallel to the borders of the

lava flow, and changing gradually from the border to the inside of the flow. This

stress distribution is not uniform but is more gradual than in anisotropic stress

distributions controlled by tectonic processes.

Exponential or log-normal fracture length distributions imply that the sys-

tem has characteristic length scales, either λ or (ȳ, yσ), respectively (Table 1).

In lava flows, fracture propagation is limited by the breccias at the boundaries

of the flow, and the characteristic scales may thus relate to the dimensions

of the lava flow (thickness, width and length). The length of column-forming

fractures perpendicular to the lava flow direction has an upper bound at the
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thickness of the lava flow (5–21m), which is reflected in the 10m maximum

length measured in the TLS-processed dataset. The length of column-forming

fractures is further restricted by gently-dipping platy fractures that arrest or de-

flect column-forming fractures. Column-forming fractures parallel to the lower

breccia (gently dipping) tend to be shorter than those perpendicular to the lower

breccia, although one 12m-long sub-horizontal fracture parallel to flow-banding

has been measured on the manual scanline. In sedimentary formations, char-

acteristic scale values have been linked to lithological layering (Odling et al.,

1999; Ackermann et al., 2001). Further measurements in lava flows may be re-

quired to evaluate the impact of the lava-flow thickness on the fracture length

distribution, and assess whether processes controlling fracture length in vol-

canic rocks are comparable to those operating in layered sedimentary systems

(Schöpfer et al., 2011). The chemical composition of the lava, and hence its

viscosity and thermal conductivity, as well as the temperature and phase of the

cooling fluid (air, water or ice), impact the cooling rate of the lava flow (Lore

et al., 2001; Conway et al., 2015) and may thus also control the scaling of frac-

ture length. The scale of the exponential distribution has also been reported

to reflect a feedback process during fracture growth (Renshaw & Park, 1997).

Field observations (Schaefer & Kattenhorn, 2004) and numerical models (Lore

et al., 2000, 2001) have shown that neighbouring fractures develop a hierarchy

of leading and trailing fractures, which interact with each other, and may cause

such feedback process.

5.2. Column-forming Fracture Intensity

While the orientations and lengths of the column-forming fractures are well

constrained from the 1-D and 2-D measurements, the fracture intensity in 3-D

is less constrained. P21 and P32 fracture intensity parameters are traditionally

measured from trace maps of the intersections between fractures and an outcrop

face, i.e. the fracture edges, while TLS processing used here provides the location

and geometry of fracture faces. The evaluation of P21 fracture intensity on the

outcrop surface, although assumes that fractures are fully tessellated and share
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edges, is preferred to the virtual section trace maps because it uses the TLS-

processed fracture dimensions directly. As the two P21 measurement techniques

provide similar results (Figure 11), we are confident that the resulting values

are representative of the outcrop. P21 values are slightly under-estimated by

the lack of detection of in-plane fractures (see Section 3.3).

The 2.4–2.5m−1 fracture intensity P32 values relate only to the steeply-

dipping column-forming fractures, as gently-dipping fractures were not sampled

by TLS processing. Gently-dipping fractures are fewer and shorter (rarely >3m

long, as indicated by the manual scanline) than steeply-dipping ones, so the P32

for gently-dipping fractures is a small fraction of the P32 for steeply-dipping frac-

tures. Therefore, the estimated ∼0.5% fracture porosity for the steeply-dipping

column-forming fractures is supplemented by an additional small contribution

from the gently-dipping column-forming and platy fractures.

5.3. Controls on the Geometry of Column-forming Fractures

An interpretive diagram of the fracture system geometry within the Happy

Valley outcrop highlights the high connectivity of column-forming fractures,

and the role of platy fractures and breccias on the fracture system (Figure

12). Column-forming fractures commonly terminate at, or curve parallel to, the

platy fractures, forming blocks that are well connected to each other. Platy

fractures thus have a strong impact on the organisation of the fracture system.

Even where platy fractures are not fully open and detectable, they may control

deflection or arrest of column-forming fractures. Similarly, layering such as

flow-banding, and dilatant fractures parallel to the lava flow, may interact with,

and result in the termination of, column-forming fractures perpendicular to the

lower breccia (Schaefer & Kattenhorn, 2004).

Where observed, the column-forming fractures either stop, or bifurcate at

the blocky-breccia interface. This configuration provides connections for flow

pathways between the blocky and the breccia sections of the lava flow. Breccia

clasts are fitted by fracture planes during the TLS processing. P10 fracture

density values do not vary between the blocky and breccia facies (Figure 10a),
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however, the breccia zone in the northern part of the outcrop has fewer large

fractures (>5m) than the blocky zone (Figure 9). This difference in fracture size

is reflected in the P21 value which is higher in the breccia than in the blocky

zone. P10 fracture intensity does not include the fracture size, and the P21

measure is preferred here as the intensity measure.

Fracture density and size vary locally within the Happy Valley outcrop,

although these variations are not systematic up or along the exposure (Figure

10). Outcrop observations (DeGraff et al., 1989), supported by numerical models

of fracture density in basalt lava flows (Lore et al., 2001), indicate that fracture

density is typically higher near the margins than in the interior of the flow,

due to the faster cooling rate closer to the margins. Similarly, observations

from the Meads Wall dyke (400m from Happy Valley) and similar lava flows

located on Ruapehu show that this higher density occurs within 0.1–0.5m of

the cooling surfaces. This higher fracture density near the margins of breccias

is not observed at Happy Valley, which may be due to the limited exposure of

lava flow margins.

5.4. Comparison of results with previous studies

Previously published fracture geometry measurements on Ruapehu focused

on ice-lava contacts (Spörli & Rowland, 2006; Conway et al., 2015). Overall,

lavas of the Mangawhero and Whakapapa Formations which have been in con-

tact with ice have similar column-forming fracture average length (1m), and

slightly higher P10 values (3–10m−1) than those measured at Happy Valley due

to higher cooling rates (Conway et al., 2015, 2016). The small spacing and short

length of platy fractures at Happy Valley is similar to that reported by Conway

et al. (2015), but these fractures are less pervasive at Happy Valley than in lavas

which cooled in contact with ice.

Fracture densities (P10) at Happy Valley are slightly lower (0.6m−1) than

those of the extensively studied Box Canyon basalt flows in the U.S.A./ (0.8-2.5

DeGraff & Aydin, 1987; Lore et al., 2000). Measurements at Happy Valley also

match the lower bounds of relationships between (1) fracture length and lava
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flow thickness of 10:1 (lava flow thickness of 820m and median length of 1m),

and (2) mean length and lava Si02 content compiled by Hetényi et al. (2011) for

numerous single-unit flows similar to Happy Valley. The ratio of column height

to width, close to 1 at Happy Valley as seen by TLS measurements of fractures

in vertical and horizontal directions, is similar to felsic flows generally having

stouter columns than mafic flows, due to the cooling conditions controlled by

different mechanical and thermal properties of the lavas (Hetényi et al., 2011).

5.5. Potential Effects of the Fracture System on Reservoir Permeability

The column-forming fractures observed in lava flow outcrops are at least par-

tially retained during burial and further exhumation, as described in epithermal

deposits hosted in andesite and rhyolite lavas in the Coromandel Peninsula, New

Zealand (Brathwaite et al., 2001; Zuquim & Rowland, 2013). In these systems,

some veins and hydrothermal breccias (that represent paleo-fluid flow pathways)

formed along column-forming fractures and flow-banding, indicating that these

structures can control permeability.

Breccias at Happy Valley are weak, heterogeneous, and of high matrix poros-

ity. Therefore, breccias affect fracture propagation by forming a mechanical

interface, and also have a high permeability potential. The resulting flow path-

ways in breccias may be better developed laterally, along the borders of the

lava flow, than vertically, as these breccias have limited thickness. Such lateral

flow pathways controlled by brecciated margins of buried rhyolitic lava flows are

suggested at the Tauhara and Ohaaki geothermal fields, TVZ (Milloy & Lim,

2012; Mroczek et al., 2016). Connections between breccias of adjacent lava flows

have the potential to further enhance lateral connectivity and permeability at

the scale of several lava flows.

Conversely, permeability measurements in boreholes in the basaltic volcanic

island of Mayotte (Comoros) indicated that most of the fluid flow occurs within

a fractured lava flow interior rather than in the brecciated zone (Lachassagne

et al., 2014). This suggests that in some cases, the low strength and cohesion of

breccias make them more vulnerable than the blocky interior to erosion (while
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on the surface), compaction, hydrothermal alteration, and other processes that

could decrease permeability (Custodio, 2007). Hydrothermal alteration within

the andesite-hosted Rotokawa Geothermal Field is generally more intense in

the pseudo-breccias and breccias than the massive lavas, presumably due to

greater fluid-rock interactions (Andersen, 2011) associated with rapid precipi-

tation kinetics and high flow rates. Intense breccia alteration in reservoirs can

decrease permeability in different ways: directly via mineral deposition, which

decreases porosity and associated permeability (a relationship quantified for the

Rotokawa geothermal field by Siratovich et al., 2014), or associated with the de-

formation of highly altered rocks which can result in a decrease of porosity (and

hence permeability) even with a decreased strength (Siratovich et al., 2016).

Even for weakly or moderately altered breccias, the higher tortuosity of flow

pathways caused by the clasts may decrease permeability (Heap et al., 2014)

compared to a network of planar column-forming fractures. The entire history

of reservoir andesites, from emplacement at the surface to reservoir rock, thus

influences permeability which can vary at short length scales, as demonstrated

by variations of alteration intensity observed over tens of centimetres in cores

(Massiot et al., 2015b) or measured in reservoir over a few hundred of metres

(see discussion in Siratovich et al., 2016; Hernandez et al., 2015).

Similar to faults (Rowland & Simmons, 2012), breccias may thus also form

conduits or barriers to fluid flow. Where breccias decrease permeability, they

may compartmentalise reservoirs. Such compartmentalisation is observed in the

Rotokawa reservoir (Hernandez et al., 2015), although it is not clear whether

the compartmentalisation is related to faults (McNamara et al., 2015; Sherburn

et al., 2015); the internal structure of the 1 km-thick series of lavas, pseudo-

breccias and breccias; or a combination of both.

5.6. Fracture System Modelling for Happy Valley-type Lava Flows

Figure 13 presents DFN models of the blocky zone at Happy Valley based

on three P33 values and the three length distributions considered in this pa-

per (exponential, log-normal and power-law, even if the power-law distribution
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does not fit the data well; all parameters are listed in Table 1). The DFNs

are composed of two rectangular fracture sets: sub-vertical and sub-horizontal

(Figure 13a). The input density value for each model is the P32 parameter;

below, we discuss the effect of varying fracture density using the fracture poros-

ity P33 using a mean aperture of 2mm (equation 5). To illustrate differences

between models, a virtual trace map dipping at 45◦ sampling both fracture sets

displays fracture traces intersecting the plane in each model (Figure 13b). Two

parameters are used to compare the fracture networks: the volume of fractures

intersected by the plane, and the fracture volume connected to the trace map

plane as a percentage of the entire fracture network. In a reservoir in which

boreholes intersect fractures, the intersected fracture volume would correspond

to the volume of fluids directly accessible, while the connected volume would

correspond to the volume of fluids potentially recoverable.

Increasing P33 raises the volume of fractures intersected by the trace map, as

well as the level of connectivity: nearly all (>97 vol.%) fractures are connected

to the trace map at 0.53% porosity and above, which is the P33 value estimated

at Happy Valley (Figure 13b). The volume of fractures intersected by the trace

map plane is smallest with a power-law length distribution for P33 ≥0.53%, and

highest with an exponential length distribution. The length distribution also

affects the level of connectivity, particularly for P33 of 0.14% where the network

is only partially connected.

A total P33 value of 0.53%, together with the other geometrical parameters

evaluated in this paper (Table 1), allows the fracture system to be almost com-

pletely connected (97.6%; Figure 13b). While there is some uncertainty on the

analysis of the three components of the P33 (namely the P21, C32 and aperture),

the fact that the numerical model provides a high level of connectivity similar

to outcrop observations increases confidence in the reliability of the estimated

parameters. With this level of connectivity, it is interesting to note that the

choice of fracture length distribution does not significantly affect the percent-

age of connectivity; however, it does affect the volume of fractures connected

to the trace map. This ‘total’ ∼0.5% fracture porosity may be considered low
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compared to the matrix porosity (2–5%), but the macro-fracture system of

column-forming fractures is better connected and less tortuous than the micro-

cracks and vesicles network governing matrix porosity, and hence likely exerts

greater controls on the bulk permeability. Considerations of permeability k

with a 3-D isotropic array of parallel fractures aligned with the flow, as would

be the case for vertical flow at Happy Valley, using a parallel plate model, yield:

k = a3/(S ∗ 12) where S is the mean fracture spacing (inverse of P10) and a the

mean aperture (Phillips, 1991). This simple model yields a permeability on the

order of 10− 9 m2 at Happy Valley, on the high range of bulk permeability in

basalts (Brace, 1980) and four orders of magnitude higher than in an unnamed

andesite-hosted geothermal system (Wallis et al., 2015).

The most uncertain parameter of these DFNmodels, though critical to model

permeability, is the fracture transmissivity derived from fracture aperture. Here,

we have used a normally distributed aperture with a mean of 2mm. Measure-

ments of length/aperture ratios on site-specific reservoir analogues may pro-

vide better estimations; Gudmundsson et al. (2001) reports a ∼400 ratio value

measured on veins in basaltic rocks, whereas power-law relationships between

fracture hydraulic aperture and length have also been used (Baghbanan & Jing,

2007). However, the fracture aperture actively contributing to the permeability

depends on the roughness of the fracture planes (Ishibashi et al., 2014). Frac-

ture roughness itself depends on the connected matrix porosity and the resulting

tortuosity, as shown by Heap & Kennedy (2016) in experimental measurements

for lava flows of the same formation as the Happy Valley outcrop. In addition,

the in-situ stresses in a reservoir would control the fracture aperture, e.g. by

closing those fractures with little asperities orthogonal to σ1 (maximum princi-

pal stress; Barton et al., 2013) or keeping open those with a high slip tendency

(Townend & Zoback, 2000). For reservoir modelling applications, geometrical

fracture parameters evaluated in this work should be adapted to fit available

reservoir data.
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6. Conclusion

The Happy Valley lava flow studied represents a young, 5–20m-thick lava

flow of andesitic composition which flowed over a gently-dipping paleo-topography.

The acquisition, processing and analysis of TLS point clouds outlined in this

paper are suitable methods for quantifying fracture systems of blocky lava

flows formed during their emplacement and cooling. The automatic Facets

algorithm for extracting fracture planes permits a consistent processing of the

dataset across a large outcrop, while requiring sufficient user input and cali-

bration from other measurements to ensure its validity. The fracture system

comprises column-forming fractures that produce the blocky part of the out-

crop, flow-parallel clustered platy fractures which locally increase the fracture

density and affect the propagation of column-forming fractures, and breccias

at the margins of the lava flow. Column-forming fractures are oriented ei-

ther sub-parallel or sub-perpendicular to the margins of the lave flow (i.e., sub-

horizontal or sub-vertical in this case), without mean strike orientation. The

length of steeply-dipping column-forming fractures, which is well sampled by the

TLS, is best approximated by a scale-dependent exponential distribution. The

areal and volumetric fracture intensities reveal a well-connected system within

the blocky region, partially connected to the breccias, with a ∼0.5% fracture

porosity. This seemingly low fracture porosity has a significant impact on the

permeability within the lava flow due to the high connectivity and planarity of

column-forming fractures. High porosity breccias may have a varied influence

on permeability in reservoirs, depending on the burial and hydrothermal alter-

ation history; breccia have the potential to promote lateral flow pathways, or

to form flow barriers. Discrete fracture network models generated from fracture

geometries estimated from the TLS analysis and manual scanline measurements

yield a highly connected network, in agreement with outcrop observations.
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Figures

Figure 1: Location of the “Happy Valley” lava flow outcrop. a) Simplified geological map

of Ruapehu Volcano with major formation distribution and ages (after Conway et al., 2016).

The Happy Valley outcrop is shown by the black box. Locations of Ruapehu volcano at the

southern tip of the Taupo Volcanic Zone (TVZ) is shown by the inset figure. The Hikurangi

Trough (HIK) marks the seafloor expression of westward subduction of the Pacific plate (PAC)

beneath the Australian plate (AUS). Extent of the geologic map of Ruapehu is shown by the

red dot on inset map; NZTM2000 coordinate system. b) TLS acquisition; the outcrop studied

is delimited by the dashed line. c) Schematic cross-section of the outcrop, a 8–20m-thick

blocky lava flow emplaced over a gently dipping paleo-slope (∼10◦). The upper and lower

breccias displayed here are observable only in parts of the outcrop.
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Figure 2: Fracture delineation of the Happy Valley terrestrial laser scanner (TLS) point

cloud. a) Gigapan panoramic photograph composed of 430 individual photographs with the

trace of the manual scanline (solid/dashed blue line) and the lava flow direction. b) TLS

point cloud used for the fracture delineation and resampled every 4 cm, coloured by the local

dip direction. c) Fractures delineated using the Facets plugin, coloured by dip direction, d)

dip magnitude, and e) area. Note the non-regular ranges for the dip magnitude and area

scales; the percentage of fractures falling into each category is indicated in brackets. c-e: 3-D

fractures projected onto a NW-SE striking, vertical plane. Each colour patch represents a

single fracture.
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Figure 3: Detection limits of the TLS and factors influencing the column-forming fracture

propagation. a) Section of the panoramic photograph displayed in Figure 2a. b) Fracture

planes processed from the TLS point cloud with the Facets algorithm. Note the fitting of a

single plane for the area of dense platy fractures (1); the absence of detection of breccia in the

TLS (2); the limited detection of in-plane column-forming fractures (purple dotted arrows)

(3); the bifurcations of fractures at the interface between the blocky interior and the brecciated

zones (blue lines) and (4); the fitting of a platy fracture cluster (white arrows) by a single

plane. The area is located behind the northern building (see Figure 2a). A high-resolution

version of the entire photograph presented in a) is available at: http: // www. gigapan. com/

gigapans/ 191973 .
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Figure 4: Flowchart of the TLS data processing and fracture analysis using a combination

of Riegl RiscanPro (#), SEFL (+), CloudCompare v2.7.0 (*) with the RansacSD (Schnabel

et al., 2007) and Facets plugin (Dewez et al., 2016), and Fracman (F) software. Note that Pij

refers to the dimensionality of the sampling region (i) and the dimensionality of the fracture

property (j).
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Figure 5: Fracture measurements on scanline, TLS-processed fractures, and trace maps. a)

Schematic of the fracture sampling of three fractures (F1, F2 and F3): the scanline measures

fractures at the intersection between the scanline and the fracture (T1, T2 and T3) while

the TLS processing extracts the centre (C1, C2 and C3) of each fracture, the orientation

(characterised by the normal to planes, arrows) and the size (3-D area A, lengths Lh and

Lv). b) The bounding rectangle of the point subset of each fracture has length Lh and Lv in

horizontal and vertical directions. The trace length ℓ is measured at the intersection between

the trace map and the disk of radius r and area A.
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Figure 6: a) Empirical probability density function (PDF) of the dip magnitude for the scanline

(corrected for Terzaghi sampling bias) and TLS-processed datasets. b) Empirical PDF of

fracture length for the scanline (with and without censored fractures) and TLS-processed

fractures (measured in horizontal and vertical directions).
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Figure 7: Orientation of column-forming fractures in relation to outcrop orientation. a)

Plan view of the outcrop subdivided into 10 zones of constant orientation, accompanied by a

stereonet of TLS-processed fracture orientations, and approximative lava flow direction. The

outcrop orientation is plotted on each stereonet as a great circle. b) Stereonet with poles

to planes sampled on the manual scanline (corrected for the Terzaghi orientation sampling

bias). All stereonets are Schmidt lower hemisphere projections, with Fisher density contouring

spacing of 1%.
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Figure 8: Complementary cumulative distribution function (CCDF) of fracture length in log-

linear (semi-log) scale for fractures measured on the manual scanline (with (Sc) and without

censored fractures (Sc∗), orange symbols) and processed from the TLS (over the entire outcrop

(TLS ; green symbols) and in the manual scanline area (TLSsc; blue symbols)) measured in

sub-vertical (V ) and sub-horizontal (H) orientations. Coefficients λ of the linear trends within

truncation limits provides the exponential distribution parameter. All adjusted correlation

coefficients are > 0.98, except the horizontal TLS-processed dataset in the scanline area

(TLSsc) which is 0.94.
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Figure 9: Variation of fracture area between the blocky and upper brecciated zones at the

northern end of the outcrop. a) Panoramic photograph. b) TLS-processed fractures coloured

by fracture area, with the percentage of fractures falling into each category indicated in

brackets. The brecciated and blocky zones are separated by a white band to help visualisation.

c) Empirical PDF of the fracture area in the breccia and blocky zones.
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Figure 10: Empirical PDF of linear fracture density (P10) along a series of virtual scanlines in

zones 2; 4; 6 and 8 (Figure 7), measured every 10 cm parallel (sub-horizontal) and perpendic-

ular (sub-vertical) to the lower breccia. Sub-horizontal scanlines have a mean fracture density

of 1.2m−1 and standard deviation of 0.1m−1 (σ), shaded in grey.
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Figure 11: Measured P21 (areal intensity) and estimated P32 (volumetric intensity) and P33

(fracture porosity) parameters for each zone of the outcrop. Measurements are made over

the entire outcrop surface (Surface trace map; Equation 2), and on trace maps perpendicular

(sub-vertical) and parallel (sub-horizontal) to the lower breccia (Section trace map; Equation

3). P32 and P33 parameters assume C32=1.27 and aperture=2mm (Equations 4 and 5). Zone

numbers refer to Figure 7a; zones 2–4 measured on surface trace maps are subdivided by facies

(breccia or blocky).
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Figure 12: Interpretive diagram of the Happy Valley lava flow outcrop. (a) Column-forming

fractures are well connected within the blocky zone, with higher areal density P32 for fractures

perpendicular to the lower breccia than for those parallel to the flow direction. (b) Metre-

scale zones of high fracture density are associated with platy fractures (green lines). (c) The

high-porosity and friable breccias (shaded in grey) are partially connected to the blocky flow

interior by those column-forming fractures that propagate into the breccia. The circled areas

are zoomed-in views of the breccia-blocky interface showing (d) the higher density of column-

forming fractures (commonly observed in lava flows, but inferred at Happy Valley due to the

lack of exposure) and (e) the fracture bifurcations in the breccias.

54



AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

Figure 13: Examples of DFN models. a) DFN models are composed of two fracture sets (sub-

vertical and sub-horizontal), with a 10:1 ratio of areal intensity P32, in a volume of 36 366m3

(dimensions 15×86×28m). The trace map is a plane dipping 45◦ which samples the fractures

intersecting the plane. b) Trace maps showing the intersection of the fractures with the

trace map plane with various fracture length probability distributions and fracture porosity

(P33). I indicates the total volume of fracture intersecting the trace map, and C the fracture

volume connected to the trace map as a percentage of the entire fracture network. The model

generated with the parameters best characterising the Happy Valley outcrop (exponential

length distribution and 0.53% P33) is outlined in red.
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Table 1: Geometrical parameters of column-forming fractures measured from scanline and

TLS-processed datasets, and parameters used to model DFN models (Figure 13). Length is

presented as minimum/median/maximum values. n: number of fractures per set.

Parameter Data Column-forming fracture set

steeply dipping intermediate gently dipping

n scanline 149 (335*) 18 (37*) 25 (107*)

TLS 2622 610 171

scanline dip >55◦ dip 30–55◦ dip <30◦

Orientation TLS dip >55◦ dip 30–55◦ dip <30◦

DFN+
m=000◦/05◦,

sd=180◦/05◦

m=000◦/70◦,

sd=180◦/15◦

Length [m] scanline 0.03/0.65/11.6

TLS 0.14/1.00/9.31

Area [m2] TLS 0.05/1.02/46.42

TLS Ex ( 1
λ
=0.5)

Radius [m] DFN

Ex ( 1
λ
=0.5);

LN (ȳ=0.4, yσ=0.75);

PL (xmin=0.65, α=4)

Ex ( 1
λ
=0.5);

LN (ȳ=0.4, yσ=0.75);

PL (xmin=0.65, α=4)

P10 [m−1] scanline 1.5 (3.4*) 0.2 (0.4*) 0.2 (1.1*)

TLS 1.2

P21 [m−1] TLS 1.9

P32 [m−1] TLS 2.4

DFN 0.65; 2.4; 6.5 0.065; 0.24; 0.65

Termination scanline 0.75

probability

[0–1]
DFN 0.75

Aperture [m] DFN
No (m=0.002,

xσ=0.001)

No (m=0.002,

xσ=0.001)

*:After sampling orientation bias correction (Terzaghi, 1965)

+: Bivariate normal distribution, m=mean pole trend/plunge, sd=standard deviation

trend/plunge

probability distributions: Exponential (Ex): f(x) = λ exp (−λx); Log-normal (LN):

f(x) = 1
xln(10)yσ

√
2π

exp [− 1
2 (

logx−ȳ
yσ

)2]; Power-law (PL): f(x) = α−1
xmin

( x
xmin

)−α; Normal

(No): f(x) = exp [−(x−m)2/2x2
σ ]/

"

2πx2
σ
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Appendix A. TLS Processing Workflow

In this study, survey data were acquired using a Riegl LMS-Z420I terrestrial

laser scanner and a Leica series 1200 RTK GPS. TLS devices emit a narrow laser

pulse at a predefined vertical and horizontal angle and time, and subsequently

detect the backscattered energy resulting from reflection off a surface. By ro-

tating both horizontally and vertically the TLS can survey the target surface

with an array of millions of measurements. The resulting 3-D point cloud is a

survey-accurate measurement (±10mm Riegl, 2010) of the location (x, y, z) of

points on the target surface relative to the TLS (Pfeifer & Briese, 2007; Buckley

et al., 2008).

For this research, data was captured from three positions. Reflective cylin-

drical targets that are common to all TLS set ups were used to give orientation

and aid combining the point clouds. The position of the TLS set ups and targets

was determined using static GPS techniques with the base station mounted on

a target for the duration of acquisition and the rover moved around the TLS

set ups and other targets. With occupations of around 1 hour (less than what

was used in this study), relative accuracies of ±2 cm would be expected.

Merging and aligning (“registering”) individual scans (Figure 4) involves

positioning and orientating each TLS set up in an external reference frame.

This is initially done using the surveyed coordinates of the set ups and targets.

The alignment is further adjusted using Iterative Closet Point algorithms which

define and match surfaces with the point clouds themselves. The rock surfaces

at Happy valley were particularly suited to this approach and residuals from the

adjustments were ∼5mm. At Happy Valley, the merged point cloud contains

>6.3million points, and few blind areas remain in the final dataset. Zones of the

point cloud that captured vegetation or buildings were manually deleted in the

CloudCompare v.2.7 software (CloudCompare, 2016). Finally, the merged scan

was sub-sampled to ∼1.4million points with a 4 cm regular spacing from which

fracture planes were extracted (Figure 2b). This point cloud was vectorised,

with the calculation on each point of the normal to the best-fitting plane in a
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local neighbourhood in CloudCompare (radius of 0.15m; Figures 2b and A.1b).

The extraction of fractures from the TLS point cloud is performed using the

Facets plugin in CloudCompare (Dewez et al., 2016, http://www.cloudcompare.org/doc

/wiki/index.php?title=Facets (plugin)). This method divides the point cloud

into small planar patches using either a fast marching front propagation or a

kd-tre, and then fuses those patches that are of similar orientation (as defined by

the user) to generate fracture planes. The entire point cloud is then subdivided

into a series of point sets (one per fracture plane) to which polygons are auto-

matically fitted (Figure A.1b). The orientation (dip and dip direction) and size

(area, horizontal and vertical length of the bounding rectangle) is automatically

calculated for each polygon (Figures 5b and 2c-e). The fast-marching process

better accommodated the curved fractures of the Happy Valley outcrop and was

preferred to the kd-tree algorithm (Figure A.1d-e. The best set of parameters

is listed in Table A.1.

The choice of parameters and validation of the fracture processing with the

Facets plugin is made in three ways. Firstly, the spatial extent and orientation

of fractures processed from the Facets plugin are compared to the manual scan-

line where available; secondly, the spatial extent of the processed fractures are

compared to the Gigapan panoramic photographs over the whole outcrop; and

thirdly, the delineation of fractures is compared to the results of the RansacSD

shape detection algorithm in CloudCompare (Schnabel et al., 2007) on a subset

of the outcrop. The RansacSD method involves four steps (Figure 4): (1) vec-

torisation with SEFL (Garćıa-Sellés et al., 2011), which calculates the normals

to each point and computes local geometrical parameters; (2) filtering of points

of low planarity and high collinearity, which correspond to fracture edges in

CloudCompare; (3) application of the RansacSD algorithm, looking for planes

and spheres, which segments the point cloud into a series of subsets of points;

and (4) post-processing, to manually check each subset, and subdivide them

as necessary to match scanline and Gigapan photographs observations. As de-

scribed by Ferrero et al. (2009), the filtering of fracture edges (steps 1 and 2)

was necessary to obtain good results in RansacSD: without filtering, RansacSD
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generates very large fractures which requires significantly more post-processing,

including removal of subsets generated along the fracture edges. The parameters

used for the RansacSD step were iteratively selected by comparing the results

to the scanline data and the Gigapan panoramas.

The RansacSD method has one major advantage compared to Facets: it

detects spheres as well as planes, which allows the detection of curved fractures

common in the Happy Valley outcrop. However, the additional steps of filtering

fracture edges before running RansacSD, checking and modifying each subset

individually, and fitting a plane to each subset to obtain the orientation and

size of the fracture, is time-consuming. Conversely, the Facets method does not

allow the delineation of curved fractures, but is significantly faster and provides

results consistent with results from RansacSD, and from scanline and Gigapan

photographs observations.

The regular resampling of the point cloud prior to the fracture extraction

ensures that processing parameters are constant throughout the point cloud.

Based on visual checks of processed fractures, a minimum of 25 points per

fracture was imposed during the Facets processing to limit the false detection of

noise as fracture planes. This threshold, equivalent to a fracture area of 0.04m2,

is similar to that recommended by Sturzenegger & Stead (2009a), and means

that fractures with lengths of ∼<0.2m are not sampled (for a square fracture).

Figure A.1b shows the orientation of the neighbourhood of each point (i.e. after

vectorisation) and highlights the variations of dip and dip direction over a single

fracture plane. These undulations are fitted by a series of spheres and planes

by the RansacSD algorithm (Figure A.1c), and a series of planes by the Facets

algorithm (Figure A.1d). Fracture orientations (dip magnitude and direction)

of fractures measured on the manual scanline and using the Facets algorithm

only differ by a few degrees in both dip magnitude and direction (see examples

in Figure A.1), a discrepancy consistent with accuracies on TLS reported by

Sturzenegger & Stead (2009a) and with errors on compass measurements.

59



AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

Figure A.1: Fracture processing of the TLS point cloud. a) Section of a Gigapan photograph

acquired 100m from the outcrop showing a column-forming fracture, with growth increments

(white arrows) and in-plane fractures (purple dotted lines). b) TLS point cloud coloured by

the local orientation. c) Point subsets separated with RansacSD. Fractures best fitted by a

sphere are specified with an (S), others are recognised as planes. d) Planes delineated with

Facets, fast-marching algorithm; parts of the in-plane fractures are recognised. e) Planes

delineated with Facets, kd-tree algorithm. Fracture “1” is oriented 80◦/353◦ and 80◦/359◦

on the scanline and TLS-processed datasets, respectively; Fracture “2” is oriented 78◦/070◦

and 82◦/069◦ on the scanline and TLS-processed datasets, respectively.

Table A.1: Parameters used for the Facets plane extraction with the Fast-marching algorithm

(used in the study) and kd-tree (Figure A.1e). In this case, an octree level of 10 is equivalent

to a grid step of about 0.09m.

Algo-

rithm

octree

level

maximum

distance

at 99%

[m]

minimum

points per

facet

maximum

edge

length [m]

maximum

angle for

cells

fusion

maximum

relative

distance

for cell

fusion
Fast-

marching
10 0.17 25 0.3 - -

kd-tree 10 0.17 25 0.3 30 1
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Supplementary data

High-resolution Panoramic Photographs

The high-resolution panoramic photographs are accessible on GNS Science’s

virtual media library (https://vml.gns.cri.nz; photographs number 181972-

181974). Enlargeable versions of the four panoramic photographs used in this

study are also available at: www.gigapan.com/gigapans/191973;

www.gigapan.com/gigapans/e1911e3d60bda65464de404762ff36b0;

www.gigapan.com/gigapans/b7deaec44afe77fab919b671617b19bc and

www.gigapan.com/gigapans/6fe29b5bc96c857ae365fb646ace5e84.

Fracture Radius Parameters

Fracture radius parameters estimated from trace map analysis of the TLS-

processed dataset are presented in Table A.3.
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Table A.3: Parameters (mean and 1 standard deviation) of the probability distribution fitted

to the fracture radius from sub-horizontal and sub-vertical trace maps (i.e. parallel and per-

pendicular to the lower breccia, respectively), and near the manual scanline. n: number of

scanline per zone, as defined in Figure 7.

Direction Zone n Distribution

Exponential Log-normal Power-law

1/λ ȳ yσ xmin D=(α-1)

2–4 3 0.5±0.1 0.8±0.1 0.4±0.1 0.7±0.1 4.0±0.1

sub-

horizontal
5–8 4 0.5±0.1 0.7±0.1 0.4±0.1 0.6±0.1 3.9±0.1

9–10 3 0.5±0.1 0.7±0.1 0.5±0.1 0.6±0.1 3.7±0.2

2–10 10 0.5±0.1 0.7±0.1 0.4±0.1 0.6±0.1 3.9±0.2

2–4 5 0.5±0.1 0.8±0.2 0.4±0.1 0.7±0.2 3.9±0.1

sub-vertical 5–8 5 0.6±0.05 0.8±0.1 0.5±0.1 0.7±0.1 3.7±0.2

9–10 5 0.6±0.1 0.8±0.1 0.5±0.1 0.7±0.1 3.7±0.2

2–10 15 0.6±0.1 0.8±0.2 0.5±0.1 0.7±0.1 3.8±0.2

along

scanline
8–10 1 0.5 0.8 0.4 0.7 3.8
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