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Abstract 25 

 26 

A unified system of collecting structural data from drill core is proposed. The system encompasses 27 

planes and planar fabrics, lineations, fold hinges and hinge surfaces, faults and shear zones, 28 

vorticity vectors, shear directions and shear senses. The system is based on standard measurements 29 

of angles in the reference frame of the core (α and β angles), which are easily carried out by means 30 

of core protractors or templates.  The methods for dealing with folds and kinematic analysis of 31 

shear zones have not been described previously, but they follow logically from the standard 32 

methods for dealing with planes and lines.  33 

 34 

 35 

Diamond drill core is arguably the most important source of data for mineral exploration and 36 

development at the deposit scale. Since hydrothermal mineral deposits typically have strong 37 

structural controls, analysis of structures from orientated drill core is critical for the successful 38 

utilisation of such resources, as well as for understanding the geology of deposits. Many tens of km 39 

of drill core may be acquired for a single deposit during exploration before any ore is mined, and 40 

further drilling almost invariably occurs to investigate extensions of known mineralization once 41 

mining has started.  An efficient method of structural data collection from drill core is essential to 42 

deal with this volume of data. Standardisation of the approach in production logging environments 43 

is a prerequisite for digital data capture, management and integration, improves the ability to 44 

identify discrepancies, and facilitates training of personnel. Structural analysis from drill core may 45 

be even more vital in future as exploration moves from well-exposed terrains into target areas 46 

obscured under deep cover. 47 

 48 

Once drill core has been analysed, mineralised sections of the core are typically cut: half of the core 49 

is sent for assay. The remainder of the core is stored, commonly in an exposed manner where it can 50 
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rapidly deteriorate, especially if it contains sulphides. Such core will need to be re-analysed if the 51 

initial structural assessment is incomplete. This step is much more difficult from half core, more so 52 

if it is weathered. Structural data collection from drill core therefore needs to be thorough as well as 53 

efficient. A comprehensive structural analysis from the outset allows alternative ideas for deposit 54 

genesis to be tested as the deposit is mined, and has major benefits for resource estimation. 55 

 56 

Core is orientated by a variety of techniques during drilling (e.g. Marjoribanks 2009), which 57 

generally result in a point being marked at the lowest part of the core – the bottom-of-core (BOC) 58 

mark. The BOC mark is made at intervals (typically after each core run of a few m), and intervening 59 

core is orientated by aligning adjacent BOC marks so that a continuous line can be marked along 60 

the bottom of the core – the orientation (“ori” in typical Australian vernacular) line. Arrows are 61 

commonly marked on the orientation line to indicate the down-hole direction. Fragmentation of the 62 

core may degrade the quality of orientation, and other factors may also contribute to poor or 63 

erroneous core orientation (e.g. Davis & Cowan 2012). If limited drill core is available it may be 64 

appropriate to mark an unconfirmed orientation line in a different colour and record structural data 65 

collected from these intervals as unconfirmed.  The minerals industry does not typically use 66 

borehole imaging techniques (cf. Paulsen et al. 2002), so that core from vertical holes is difficult to 67 

orientate; however, almost all exploration holes are inclined. The BOC mark and line is the basis of 68 

all techniques used in this paper. 69 

 70 

There are several methods of collecting structural data from orientated drill core (e.g. Marjoribanks 71 

2009). Probably those most widely employed use various devices (template, rat-trap, core 72 

protractor: Fig. 1) that specify the orientation of structures by measuring angles relative to the core 73 

axis and the BOC line.  Subsequently these measurements must be combined with data from the 74 

down hole survey of hole orientation to retrieve the true orientation of structures. Because of the 75 

universal tendency of drillholes to deviate, accurate survey data, specific for the depth of the 76 
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measurement, must be used. The aim of this paper is to propose a systematic and unified system of 77 

collecting a comprehensive suite of structural data from orientated drill cores using angles measured 78 

in the core frame of reference.  The basic methods for planes and lines are described first to show 79 

how new methods dealing with folds and shear zones can be developed logically from them. 80 

The paper does not address the merits of various techniques of measuring structures in cores 81 

(described in Vearncombe and Vearncombe 1998), problems of core orientation, or procedures for 82 

reorientation of structures to a geographic frame of reference (e.g. Holcombe 2013; Stanley and 83 

Hooper, 2003)   84 

 85 

 86 

α-β Method – Planes and Planar Fabrics 87 

The α-β method for measuring planar features is in widespread use (e.g. Vearncombe and 88 

Vearncombe 1998; Marjoribanks 2009). The angles α and β characterise the orientation of a planar 89 

feature. α is defined as the angle between a line parallel to the length of the core (the core axis) and 90 

the plane (Fig. 2). β is the angle measured clockwise looking down core from the BOC line to the 91 

down-core axis of the ellipse formed by the intersection of the plane and the core (Fig. 2). The 92 

whole process of extracting a piece of core from a core tray, measuring α and β, and returning the 93 

core to the tray can be carried out in less than a minute, and is not subject to errors due to magnetic 94 

minerals that affect compasses.  95 

 96 

 97 

β and γ Methods – Lineations 98 

Lineations can be measured in two ways, both requiring the lineation to be interpolated through the 99 

centre of the plane in which it lies. A γ measurement is similar to measuring the pitch of a lineation 100 
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in a plane (Fig. 3), but the measurement is made with reference to the down-core end (long axis) of 101 

the plane ellipse (cf. Holcombe 2013; γ is defined differently in some literature e.g. Laing 1977; 102 

Vearncombe & Vearncombe 1998, but the Holcombe definition is used here). Alternatively, the 103 

location of the lineation on the ellipse defined by the plane in which it lies can be used to define the 104 

lineation orientation (Fig. 4). The point where the lineation, interpolated through the centre of the 105 

ellipse, intersects the circumference of the ellipse can be measured by a β angle (clockwise looking 106 

downhole from the BOC mark) (Marjoribanks 2009), which is referred to as δ by Vearncombe & 107 

Vearncombe (1998). This measurement is distinguished here by the suffix L (βL) to distinguish it 108 

from the simple β measurement for a plane. This notation is introduced to avoid any possible 109 

confusion with other Greek symbols, and to maintain consistency with the following methods. The 110 

βL measurement can be combined with the α and β measurements of the pane in which the lineation 111 

lies, and the downhole survey data, to solve for the true orientation of the lineation.  112 

 113 

There are two advantages to this method of measuring lineations: firstly, no additional equipment is 114 

needed beyond the template/rat-trap/core protractor, compared to the γ measurement that 115 

additionally requires a conventional protractor. Secondly, as shown below, the β method can be 116 

extended to other lines (fold hinges, the vorticity vector), making it part of a unified way to collect 117 

structural measurements from core. 118 

 119 

 120 

Folds  121 

Folds can have a complex expression on the cylindrical surface of a core, but typically they will 122 

consist of a closed shape formed by the intersection of the core and the folded surface (Fig. 5). A 123 

method for core analysis is required that can measure the orientation of both the hinge and the hinge 124 

surface (axial plane). The hinge surface is simply dealt with by the α- β method for planes. Because 125 
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the hinge surface may not have a direct physical expression in a fold, it is useful to mark the surface 126 

on the core to measure it accurately (Fig. 5b). 127 

 128 

Hinges pose a more difficult problem than lineations, because the hinge surface in which they lie is 129 

generally not exposed in the same way that lineations are seen on a foliation surface, and a hinge is 130 

commonly a discrete line that does not pass through the centre of the core. This problem was 131 

recognised by Scott & Berry (2004), who proposed a method that uses three angles measured from 132 

a transparent template to define the orientation of a fold hinge. 133 

 134 

Here, a new method to measure fold hinges is proposed that uses β angles, and a single length 135 

measurement on the core (Fig. 6). βU is defined as the β measurement of the up-hole intercept (U) 136 

of the fold hinge with the core. βD is similar for the down-hole intercept (D). The distance UD is 137 

defined as the distance between U and D measured parallel to the core axis (Fig. 6). These 138 

measurements can be combined to solve for the orientation of the hinge. Advantages of this method 139 

are that it can be executed with a template/rat-trap/core protractor and a simple ruler, that it extends 140 

the unified method developed here, and that it is simpler than the Scott and Berry (2004) method 141 

that requires a special template. The method can be applied to any cylindrical fold defined by a 142 

single layer, but disharmonic folds, and refold structures on the scale of the core, are difficult to deal 143 

with.   144 

 145 

Shear Zones  146 

Structural analysis of shear zones requires measurements of foliations, lineation, shear plane, and 147 

shear direction in mylonites, and determination of shear sense (Fig. 7). Foliations and shear planes 148 

are readily measured using the α-β method, and lineations by the βL method outlined above. The 149 

shear direction was commonly taken as approximately parallel to the stretching direction as 150 
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represented by the lineation, but particularly following the work of Tikoff and co-workers (e.g. 151 

Tikoff & Fossen 1993, Tikoff & Teyssier 1994), it has been realised that this approximation is not 152 

generally true, and that the relation between the shear direction and the lineation is a function of the 153 

relative amounts of pure and simple shear, or the vorticity number (Fig. 7).  Therefore a complete 154 

analysis of shear zones requires measurement of the shear direction independently from the 155 

lineation.  156 

 157 

The key to making a comprehensive kinematic analysis of shear zones in core is the concept of the 158 

vorticity vector. The vorticity vector is the axis about which internal rotation occurs in a shear zone 159 

(e.g. Means et al. 1980; Xypolias 2010), which is perpendicular to the shear direction within the 160 

shear plane (Fig. 7). The vorticity vector can be identified in a shear zone as the direction 161 

perpendicular to the plane containing the maximum asymmetry of shear sense indicators, such as 162 

winged porphyroclasts, asymmetric boudins, quarter structures, pressure fringes and shadows and 163 

S-C fabrics (Fig. 8). This plane is also referred to as the Shear Sense Observation Plane, the 164 

Vorticity Profile Plane, or the Vorticity Normal Section (Robin & Cruden 1994; Jiang and Williams 165 

1998). 166 

 167 

Here core analysis has a significant advantage over outcrop geology. A single piece of core 168 

intersecting a shear zone generally affords a complete view of the shear plane through 360°. It is 169 

therefore possible to identify the vorticity vector relatively accurately compared to many outcrop 170 

situations where this level of exposure does not exist. The vorticity vector can be identified as a 171 

point on the core surface within the shear plane, and it can be measured by a single β measurement 172 

(βV: Fig. 9). This allows the shear direction to be calculated as the normal to the vorticity vector 173 

and within the shear plane.  174 

 175 
S-C and S-C' fabrics offer an alternative method for shear direction determination. The intersection 176 

between S and C or S and C' surfaces is perpendicular to the shear direction (Fig. 10). These 177 
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surfaces can be measured by the α-β method, from which it is possible to calculate the shear 178 

direction (SD), which lies in the C or C' plane perpendicular to the intersection of the planes (Fig. 179 

9). 180 

 181 

Shear sense can be specified in several ways, depending on the orientation of the shear zones and 182 

drill core, and user preference. The ideal situation is when the true orientation of the shear plane and 183 

shear direction is known. In this case, the shear sense can be classified by qualitative kinematics i.e. 184 

dip slip (normal, reverse), strike slip (dextral, sinistral), or oblique slip (dextral normal etc.). This 185 

determination can commonly be made by holding the core in the approximate orientation that it was 186 

drilled, and making a visual inspection.  187 

 188 

However, in cases where shear planes are either approximately horizontal or vertical, it becomes 189 

difficult to distinguish dextral from sinistral and reverse from normal without accurate reorientation 190 

of the core, because the dip direction is uncertain. A second method can deal with these situations. 191 

The uphole side of a shear zone can be unambiguously identified for all shear planes except those 192 

through the core axis (Fig. 11). The shear sense can then be recorded as, for example: “The uphole 193 

side has moved to the north” etc. Subsequently this record can be interpreted in kinematic terms 194 

when the data is plotted on a stereonet: the uphole side is readily distinguished on a stereoplot as the 195 

area that does not contain the core axis (Fig. 11). For planes that are parallel to the core axis, it is 196 

usually possible to identify the two halves of a core in a third way: geographically. Thus it is 197 

possible to state, for example: “the east side of the shear zone has moved north” etc. These 198 

comments on determining shear sense also apply to faults. 199 

 200 

In all three cases above, an alternative to describing movement directions is to specify the rotation 201 

sense of the vorticity vector (clockwise or anticlockwise). It is essential to view the vorticity vector 202 

in consistent direction: the convention of a downplunge direction is recommended. However, this 203 
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direction can be difficult to establish for shear planes that are approximately horizontal. In such 204 

cases a downhole direction can be more readily established. The sense of rotation of the vorticity 205 

vector can be simpler to record than the shear sense as specified by movement directions. 206 

 207 

 208 

Half Core  209 

Core is commonly cut relatively soon after drilling for assaying. In some cases the half of the core 210 

with the orientation mark is regrettably sent for assay, in which case it is only possible to use the 211 

remaining half if some sort of reconstruction can be attempted from the adjacent core. Even if the 212 

orientation mark is preserved, however, it may not be possible to use the α-β method, because one 213 

or both ends of the ellipse formed by the intersection of the plane and the core are not preserved.  A 214 

method that uses two linear measurements and one angle, on core of a specified diameter cut at a 215 

known angle to the orientation mark, has been developed to allow accurate measurements of planar 216 

orientations (Blenkinsop & Doyle 2010).  217 

 218 

 219 

Discussion 220 

The most common industrial method of collecting structural data from core currently uses α and β 221 

angles measured in a core frame of reference. The unified system for collecting structural data 222 

suggested here is based on these angles, with the addition in some cases of a length measurement. 223 

Therefore it can be taught easily, and readily incorporated into a standard structural measurement 224 

routine that enables efficient digital data capture and integration. A photographic method for 225 

collecting structural measurements (https://www.groundmodellingtechnologies.com/) utilises an image of 226 

core in a core tray: it remains to be seen how this could be utilised for vorticity vectors and fold 227 



 10

hinges. 228 

 229 

The early adoption of the unified system proposed here, while full core is available before it has 230 

been cut for assay, may pay dividends at later stages of a mining project.  Otherwise such core may 231 

need to be revisited for additional structural measurements, particularly as new structural models 232 

are developed. While it is possible to make measurements on half core by the methods in 233 

Blenkinsop & Doyle (2010), it is more time consuming, and there is less information available 234 

compared to full core. In addition there is the risk of destroying core that contains the orientation 235 

mark. The demand for larger sampling volumes in deposits with a high nugget effect (e.g. Dominy 236 

et al. 2000) or for geometallurgical studies may necessitate complete destruction of core. 237 

 238 

In response to the cost of obtaining drill core, new technologies are being developed that may 239 

replace some of the functions of core collection, by for example downhole logging and imaging 240 

(http://detcrc.com.au/about/goals/). Coiled tubing drilling is also being investigated as an 241 

exploration tool in the minerals industry (http://detcrc.com.au/programs/program-1/project-1-1/), 242 

entailing no core retrieval. These developments reinforce the importance of utilising what may be 243 

very limited core to the fullest extent, and therefore the advantages of the system advocated here. 244 

 245 

One potentially serious problem of using a core frame of reference is the possibility that structural 246 

measurements are collected but not processed until a later time when the core is no longer 247 

accessible. This means that the geologist has no ready appreciation of the geographical orientations 248 

of the features being measured while collecting data. Such a divorce between structural data 249 

collection and appraisal has several adverse consequences. Hypothesis development and testing is 250 

precluded until later. Anomalous observations or variations in orientations are not recognised, and 251 

cannot be allowed for in a data collection strategy. Therefore potential errors, including core 252 

orientation problems as well as incorrect data measurement, cannot be checked. These problems can 253 
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be solved by immediate (real time) processing of core angle measurements on site. Ideally, 254 

measurements should be entered directly into a logging form or spreadsheet that calculates the true 255 

geographic orientations, and preferably plots them on a stereonet as the core is being logged. In 256 

addition, the use of a “rocket launcher” is strongly advocated for occasional pieces of core, as a 257 

check on the core angle measurements, and to convey a realistic picture to the geologist 258 

(Vearncombe & Vearncombe 1998). 259 

 260 

This study has been based on core from structurally controlled hydrothermal mineral deposits. 261 

However it is clear that petroleum cores also have a variety of interesting structural features (e.g. 262 

Hesthammer 1998; Hesthammer & Henden 2000; Porter et al. 2000; Hillier & Cosgrove 2002). 263 

With the availability of orientated and inclined core (e.g. Follows 1997), the techniques suggested 264 

above could also be applicable in the hydrocarbon industry.  265 

 266 

 267 

Conclusions 268 

 269 

A unified system of structural observations in core is proposed, based on angles and lengths 270 

measured in a core frame of reference. The system relies on the generalised use of β angles, 271 

combined with some linear measurements. It is capable of measuring planes, lines within planes, 272 

fold hinges and hinge surfaces, and comprehensive analysis of shear zones and faults. Core is 273 

particularly useful for the analysis of shear zones. The vorticity vector can be readily located, more 274 

conveniently than in many outcrops, because of the full view of the shear plane afforded in core. All 275 

the methods described for full core can be adapted for half core. Widespread use of, and familiarity 276 

with, angular measurements on core makes for ready adoption of this unified method with modest 277 

training requirements.  Structural measurements from core may become even more important in the 278 
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future as exploration moves under cover, and there is pressure to acquire less core. 279 

 280 
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Figures 337 

 338 

Fig. 1. Some common tools for measuring structures in core. 339 

a) Rocket launcher 340 

b) Template (Scott and Berry 2004 version) 341 

c) Rat-trap 342 

d) Core protractor 343 

 344 

Fig. 2. α-β method for measuring the orientation of planes or planar fabrics in orientated drill core.  345 

α is the angle between the core axis and the long axis of the ellipse formed by the intersection of a 346 

plane with the core.  β is the angle measured from the bottom-of-core mark to the ellipse long axis, 347 

measured clockwise looking down core. The lower hemisphere, equal area stereoplot shows the 348 

construction needed to find the true orientation of the plane using α and β, and the orientation of the 349 

core. The plotting procedure is described in detail in Holcombe (2013). 350 

 351 

Fig. 3.  γ method for measuring the orientation of a line within a plane. γ is the angle from the 352 

ellipse long axis to the lineation. Stereoplot shows γ measurement. 353 

 354 

Fig. 4. βL method for measuring the orientation of a lineation in a plane. βL is the angle from the 355 

bottom of core mark to the lineation within the plane, which can be measured readily with a core 356 

protractor. Stereoplot shows angular relationships and how to find the true orientation of the 357 

lineation from the βL measurement and the orientation of the plane and core axis.  358 

 359 

Fig. 5. Appearance of folds in core. a) Multiple folds in gneiss, expressed as figure of eight and 360 

ellipses on the core surface. Folded surfaces marked in red dashed lines; fold hinge surfaces in 361 

yellow. b) Fold hinges (yellow dots) and hinges surfaces (red lines) on adjacent folded surfaces. 362 
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Both cores from Tropicana gold deposit, courtesy of Anglogold Ashanti Australia Ltd.  363 

 364 

Fig. 6. Measurements needed to find fold hinge orientations from the intersections of a fold hinge 365 

on core. U, D are the up- and down-hole intersections of the hinge with the core. They are 366 

characterised by angles βU and βD measured from the bottom of core mark (BOC). UD is the 367 

distance from U to D parallel to the core axis, measured positive downhole.  368 

 369 

Fig. 7. Appearance of two types of shear zone in core, with varying relationships between lineation 370 

and vorticity vector. The shape and orientation of the porphyroclasts are shown to be approximately 371 

representative of the shape of the finite strain ellipsoid.  a) Simple shear dominant (sensu Tikoff and 372 

Fossen 1993). Lineation (yellow lines) is parallel to the shear direction. b) Pure shear dominant. 373 

Lineaton is parallel to the vorticity vector and perpendicular to the shear direction.  374 

 375 

Fig. 8. Shear zones and shear sense indicators in core. a) Shear plane (yellow line on core) can be 376 

measured by the α-β method. The vorticity vector (purple line) and shear sense (yellow half-arrows) 377 

are identified within the shear plane by the σ clast. The vorticity vector can be located by the angle 378 

βV from the Bottom of Core mark (BOC). b) S-C fabrics and vorticity vector in core.  379 

 380 

Fig. 9. Measurement of the vorticity vector in core. The vorticity vector is located by the βV 381 

measurement from the Bottom of Core (BOC) measured clockwise looking down hole. The shear 382 

direction (SD) is perpendicular to the vorticity vector. Stereoplot shows angular relationships and 383 

construction necessary to locate the vorticity vector from the βV measurement, and the shear 384 

direction 90° from the vorticity vector in the shear plane. The vorticity is anticlockwise (looking 385 

down plunge), which implies a reverse sinistral sense of shear.  386 

 387 

Fig. 10. Appearance of S-C structures in core, and their use to find the vorticity vector, shear 388 
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direction (SD) and sense of shear. The S and C planes can be measured by the α-β  method. The S-C 389 

intersection is parallel to the vorticity vector, and perpendicular to the shear direction. The sense of 390 

shear is given by the sense of rotation from the S fabric to the C fabric. Similar relationships exist 391 

for S and C' planes.  392 

 393 

Fig. 11. Two situations in which kinematics are difficult or ambiguous to specify using typical 394 

kinematic terms. a) It is difficult to specify the hangingwall of a near vertical shear plane. The 395 

uphole side is unambiguous. b) It is difficult to know the exact dip direction of a near horizontal 396 

surface, and therefore to evaluate whether it is dextral or sinistral. Again, the uphole side of the 397 

shear is unambiguous.  398 

 399 
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