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Abstract Lithic microwear develops as a result of abrasive friction between a stone
tool’s working edge and the surface of a worked material. Variation in the loading (i.e.
force) applied to a stone tool during its use alters the amount of friction created between
these two materials and should subsequently affect the level of any wear accrued. To
date, however, no comprehensive account of the interaction between variable working
loads and wear development has been undertaken. If such a relationship does exist, it
may be possible to calculate the loading levels applied to stone tool artefacts during
their use. Here, we use 30 basalt flakes knapped from raw materials collected in
Olduvai Gorge, Tanzania, in a controlled experimental cutting task of standardized
duration. Loading levels are recorded throughout with each flake being used with a
predetermined load, ranging between 150 g and 4.5 kg. Laser scanning confocal
microscopy (LSCM), coupled with the relative area (Srel) algorithm, is used to
mathematically document the surface texture of the flakes to determine whether
variation in loading does in fact significantly affect the amount of wear on the flake
surfaces. Results indicate that working load does play a role in the development of
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lithic microwear; however, its interaction with other variables, including the naturally
rough surface of basalt, may reduce the likelihood of its accurate determination on tools
recovered from archaeological deposits.

Keywords Loading . Lithic microwear . Force . Development . Basalt . Laser scanning
confocal microscopy (LSCM)

Introduction

The analysis of lithic microwear has long been advocated as a valuable technique with
which to interpret the functional history of stone tools (Hayden 1979; Keeley 1980;
Semenov 1964; Shea 1992), with it frequently being employed to identify the specific
materials upon which artefacts were likely used (e.g. Carbonell et al. 1999; Donahue
et al. 2004; Keeley 1980; Keeley and Toth 1981; Lemorini et al. 2006). This informa-
tion is often used to substantiate behavioural claims for which there is limited other
evidence (e.g. Chen et al. 2010; Faulks et al. 2011; Miller 2013; Rots 2013; Sano 2012;
Seeman et al. 2013). Such claims must therefore be built upon a sound theoretical and
methodological foundation that is capable of accurately matching microwear traces
identified upon lithic artefacts to those created upon experimental tools with a known
functional history (e.g. Keeley 1980; Vaughan 1985; Lewenstein 1987). As a result, a
vast proportion of microwear research has been dedicated to identifying the dissimi-
larities in wear traces left by the working of varying substances and the development of
reliable experimental procedures for the recognition of wear patterns resulting from
different activities (e.g. Adams 2014; Álvarez et al. 2012; Evans 2014; Evans and
Donahue 2005, 2008; González-Urquijo and Ibáñez-Estévez 2003; Grace et al. 1985;
Keeley 1980; Kimball et al. 1995; Macdonald 2014; Newcomer et al. 1986; Ollé and
Vergès 2014; Semenov 1964; Smallwood 2013; Stemp and Stemp 2001; Stemp et al.
2009; Stemp et al. 2010; Stemp et al. 2012; Stemp et al. 2013; Stemp and Chung 2011;
Stevens et al. 2010; de la Torre et al. 2013).

Such research does not, however, typically investigate the mechanical processes
involved in microwear accrual (Evans et al. 2014; Lerner et al. 2010; Stemp and Stemp
2003). Rather, it measures disparities in wear formation that result from the different
mechanical processes created by varying worked materials. Indeed, there is still a
relative naivety as to exactly how different worked materials create dissimilar
microwear traces on stone tools. This fact has left lithic microwear analysis substan-
tially behind advances made in tribology (see Adams (2014) for a lithic centric review
of tribology and Myshkin et al. (2005) for a polymer centric tribological review of the
component variables that affect frictional abrasion).

In general, two main theories have been proposed to explain the formation of lithic
microwear, namely the ‘silica gel’ theory and the ‘abrasion’ theory. The former was
proposed by Anderson (1980), where she argued that polish is formed from a combi-
nation of the dissolution of the tool’s utilized surface and the build-up of silica gel that
develops throughout the working life of a tool’s edge. While it is certainly true that
chemical processes can (under certain conditions) alter the development of surface
modifications on some stone types (Hurcombe 1997), and that the deposition of tiny
particles can occur upon a lithic artefact’s working surface (Christensen 1998; Šmit
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et al. 1998; Šmit et al. 1999), neither is thought to be a primary determinant of wear
accrual. As such, the formation of microwear polish is either explicated through a
combination of chemical, depositional and abrasive processes (e.g. Odell 2001; Unger-
Hamilton 1984) or solely the result of abrasion (e.g. Grace 1996; Ollé and Vergès
2008). Indeed, the development of lithic microwear is known to result from the abrasive
friction caused between a tool’s working edge and the surface of a worked material
(Masson et al. 1981; Meeks et al. 1982; Ollé and Vergès 2008; Unger-Hamilton 1984;
Yamada 1993). With use, the surface of a tool’s working edge is gradually abraded
through contact with the material being worked, which will ‘smooth’ or level the
natural undulations on the previously unmodified tool surface. Consequently, variation
in the duration for which a tool is utilized, among other factors, will affect the amount
of wear accrued (Bamforth 1988; Vaughan 1985; Lerner 2014; see also Evans et al.
2014). Relatedly, it has also been shown that the material properties of both the stone
tool and worked material (e.g. hardness, roughness, strength, compositional structure)
are vital variables that affect the accrual of microwear and, as such, need to be taken
into consideration when interpreting wear traces (e.g. Beyries 1982; Bradley and
Clayton 1987; Christensen et al. 1992; Fullagar 1991; Keeley 1980; Lerner et al. 2007).

Specifically, there has been no comprehensive account of the interaction between a
stone tool’s working load and the resulting development of microwear, despite it having
previously been stated as ‘critical in [lithic] microwear formation’ and that it ‘poses a
significant problem that must be addressed by future researchers’ (Ackerly 1978: 480).
Indeed, according to Amonton’s first law, frictional force is directly proportional to
applied load. Thus, the friction experienced by a stone tool’s working edge should be
substantially affected by loading. While the impact derived from variable working
loads has not been wholly overlooked in lithic microwear research (e.g. Lerner et al.
2007; Ollé and Vergès 2008; Semenov 1950; Shea 1992; Tringham et al. 1974;
Vaughan 1985), and is known to be of significance in the development of wear traces
in engineering research (e.g. Czichos 1978; Homola et al. 1990; Myshkin et al. 2005),
it is a variable of potentially significant consequence that is thus far not well understood
in terms of lithic microwear formation.

Recently, Key (2013) investigated this issue, but the loading variation and duration of
the cutting activity undertaken in his experimental analysis were limited. Subsequently,
no significant relationship (P=0.131–0.845) was observed between loading variation
and microwear accrual (Key 2013). It is, however, possible to state that subtle variation
in working loads (125–710 g) over limited periods of use (700 cutting ‘strokes’) is
unlikely to significantly impact upon the accrual of lithic microwear. The present
experiment therefore intends to address whether the working loads achievable by the
upper limb during stone tool use can significantly affect the accrual of lithic microwear
and at what load levels these differences become significant. Using recently determined
loading ranges for flake cutting tools (Key and Lycett 2014a), we test the hypothesis that
variable working loads significantly affect the development of microwear (i.e. increases
in the formation of polish wear traces) on a stone tool’s working edge, specifically, that
variation in a flake tool’s working load between the range of 150 g and 4.5 kg
significantly alters the development of microwear polish. Results are discussed in light
of their implications for previous work undertaken in lithic microwear research, the
analysis of microwear traces identified upon lithic artefacts and methodological issues
associated with microwear analysis on rough rock types.
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Materials and Method

Assemblage Production

The experimental assemblage was knapped from basalt collected from naturally eroded
deposits in Olduvai Gorge, Tanzania, a raw material widely used by Oldowan and
Acheulean hominins in the area (Leakey 1971). Thirty flakes were selected from an
original assemblage of 45 on the basis of exhibiting the most suitable cutting edges in
terms of homogeneity, straightness and the absence of damage (microfactures, etc.). All
flakes were knapped by Tomos Proffitt from two cores collected within 2 m of each
other. Descriptive statistics for the utilized flakes can be seen in Table 1. Data collection
methods for ‘length’, ‘width’, ‘thickness’, ‘mass’ and ‘edge angle’ follow those
outlined by Key and Lycett (2011, 2014b).

Experimental Use and Load Recording

Each flake was used to cut through fresh English oak (Quercus robur) for exactly 1800
‘strokes’, with a single stroke being determined as the reciprocal (forward and back)
motion of each flake’s cutting edge as it is drawn across the worked surface. Oak
branches (∼25–30 mm in diameter) were utilized as they were easily obtainable and
could be sourced at regular intervals so as to insure each segment used was fresh.
Moreover, it provided a robust, resistant material with which to facilitate the accrual of
microwear over a prolonged period. Flakes were used for 1800 cutting strokes each as
this was found to be the minimum number required to produce visible wear under the
lowest levels of force applied in this experiment (150 g). Each flake was used in the same
position by one tool user, thus maintaining regularity in handedness, stroke length and
upper body strength. Through the course of each flake’s use, it would cut a substantial
groove into the oak branch. So as to ensure each branch remained intact, once any cut
was through roughly 60–70% (1.5–2 cm) of the branch’s diameter, a new cut was started
next to the previous one. Thus, the depth of penetration is limited and the most
significant wear extends from each flake’s cutting edge to roughly 0.75 cm up its dorsal
and ventral surfaces. Further to this, it is also worth noting the fact that the cutting action
undertaken here is that of a reciprocal sawing motion in which the groove in the branch
is created by the production and removal of waste material in the form of sawdust (see
Atkins 2009). As a result, the flake’s cutting edge is not being used to ‘prise’ apart two
portions of wood, as typically evinced in a unidirectional slicing motion. The reciprocal
sawing motion results in frictional abrasion between the wood and the dorsal and ventral
surfaces of the flake’s cutting edge, resulting in wear formation.

Table 1 Descriptive statistics for the final 28 basalt flakes investigated with the LSCM

Length (mm) Width (mm) Thickness (mm) Mass (g) Edge Angle (°)

Mean (n=28) 47.7 48.9 13.4 43.9 36.3

SD (n=28) 13.2 14.4 5.1 33.5 11.5

Range (n=28) 44.2 55.0 25.7 116.7 37.4
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To investigate the influence that disparate loading levels have upon microwear
accrual, each flake was used with a variable working load (i.e. applied force). Here,
we utilize a loading range between 150 g and 4.5 kg, with each flake being assigned
a target load from set intervals of 150 g (i.e. 150, 300, 450 and so on up to 4.5 kg).
While the load applied during the use of flake tools is highly dependent upon the
morphology of the flake and is likely to be task specific (Jobson 1986; Jones 1980;
Key and Lycett 2014a, b), the ranges identified by Key and Lycett (2014a) were
used here as a proxy for those achievable with a simple flake cutting tool. Indeed,
the working loads applied by the largest flake tools utilized in their experiment had
an upper standard deviation range of ∼4.5 kg (Key and Lycett 2014a).

Working load was recorded in a similar manner to previous experiments
investigating such parameters (Key and Lycett 2014a, b) and required the use of
a pressure-sensitive pad (Tekscan Economical Load and Force System [ELF™])
attached to a multi-platform cutting structure (Fig. 1). The oak segments were
secured upon a cutting platform with cable ties. This platform was then located
above another lower platform upon which the pressure pad was fixed. There were
only two contact points between the upper and lower boards. One was located
directly beneath the oak branch and, through a rubber stud, was fixed directly
upon the pressure pad and subsequently allowed any forces applied to the branch
through the tool to be disseminated onto the pad below. The second attachment
point was located at the opposing end of the cutting board and was attached with
hinges, subsequently allowing the upper board to move freely on and off the
pressure pad.

The use of each flake was undertaken by AJMK over the course of a number of
weeks. As each flake had a predetermined target load with which it was supposed
to be used, the pressure pad’s software, and subsequently a visual display of
applied loads, was visible during their use. Although the predetermined load for
each flake was adhered to as closely as possible, it was obviously not possible for
this to be exact across all 1800 cutting strokes. As such, the mean loading values
for each flake are not precisely 150 g apart. The loading values for each flake,
along with their target load and SD values, are presented in Table 2. As noted in
Table 2, two flakes were lost ‘post-use’ and were not included in the final
analyses.

Fig. 1 Annotated diagram of the multi-platform structure used to record working load
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Cleaning

Prior to documentation of the tools’ surfaces using laser scanning confocal microscopy
(LSCM), each flake was washed in a warm water and grit-free detergent solution and
then rinsed. Each was then soaked in a 15 % solution of HCl for 15 min before being
rinsed in warm water. Following the acid solution bath, each flake was then soaked in a
15 % solution of NaOH for 15 min and then rinsed again in warm water. After each

Table 2 The target load, mean actual load and load SD values for each flake along with their mean Srel at
0.195 μm2 and Srel SD at 0.195 μm2

Flake Target load (g) Mean actual load (g) Load SD values (g) Srel at
0.195 μm2

Srel at 0.195 μm2 SD

9a 150 169 18.3 – –

5 300 230 30.0 2.406 0.240

23a 450 287 63.6 – –

11a 600 420 76.5 – –

28 750 436 52.1 2.318 0.129

20 900 697 50.8 2.387 0.233

4 1050 867 83.5 2.470 0.247

14 1200 901 113.4 2.443 0.264

15 1350 958 165.0 2.483 0.119

19 1500 1353 89.9 2.502 0.168

27 1650 1412 214.4 2.586 0.228

18 1800 1452 135.2 2.375 0.218

12 1950 1767 321.2 2.807 0.101

26 2100 2056 168.4 2.553 0.221

17 2250 2226 117.9 1.828 0.106

2 2400 2532 221.8 2.356 0.137

6 2550 2711 142.7 2.223 0.234

21 2700 2870 97.4 2.266 0.187

1 2850 2903 385.4 2.570 0.154

30 3000 2911 219.9 2.466 0.127

10a 3150 3130 236.8 – –

3 3300 3209 200.2 2.218 0.205

24 3450 3318 286.1 2.436 0.167

7a 3600 3407 250.6 – –

22 3750 3645 267.0 2.760 0.164

13 3900 3621 525.3 2.640 0.061

8 4050 4144 132.5 1.821 0.094

25b 4200 4221 393.8 – –

16 4350 4494 246.5 1.907 0.128

29b 4500 4450 186.9 – –

a Five problematic flakes that have not thus far been able to be accurately scanned
b Two flakes lost ‘post-use’
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basalt flake was dry, it was examined under a metallurgical microscope (Unitron MS-2-
BD) at ×200 using incident light to ascertain that no residues or particles still adhered
(see Keeley 1980).

Surface Measurement Using Laser Scanning Confocal Microscopy

Methods that rely on documentation of surface roughness or texture have seen increas-
ing application and experimentation over the last few years, with emphasis placed on
technologies primarily utilized by engineers specializing in surface metrology. Laser
profilometry (Stemp 2014; Stemp and Stemp 2001, 2003; Stemp et al. 2008, 2009,
2010), atomic force microscopy (Kimball et al. 1995; 1998; Faulks et al. 2011), laser
scanning confocal microscopy (Derndarsky and Ocklind 2001; Evans 2014; Evans and
Donahue 2008; Evans et al. 2014; Stevens et al. 2010; Evans and MacDonald 2011;
Stemp and Chung 2011; Stemp et al. 2013, 2014), interferometry (Anderson et al.
1998, 2006; Astruc et al. 2011) and focus variation microscopy (Evans and Macdonald
2011; Macdonald 2014) have been used to study wear patterns on a variety of raw
materials, including chert, flint, obsidian and quartzite. These approaches are consid-
ered objective in nature given the production of quantitative data acquired from tool
surfaces. These data not only permit the mathematical documentation of surface
structures, but the data can be analysed using a variety of algorithms that provide a
means by which surfaces can be compared and discriminated depending on their wear
histories. Some advantages of studying surface wear on stone tools using metrology
include the generation of very large quantities of both two- and three-dimensional
surface roughness data and the accurate documentation of surface structure at both
microscale and nanoscale levels.

The measurement system employed for the present experiment is the Olympus
LEXT OLS4000 LSCM. The LSCM allows for the visual observation of the actual
stone tool surface (Fig. 2a) much like a metallurgical microscope (e.g. Keeley 1980;
Vaughan 1985) and can also produce two-dimensional (Fig. 2b) and three-dimensional
(Fig. 2c) images of the scanned surface based on the mathematical documentation of
the varied elevations of the surface on a microscale. To measure a surface, the LSCM
creates images using reflected laser light from a discrete focal plane. Only the light

Fig. 2 a Two-dimensional photomicrograph from the LSCM of area scan #1 of used region of flake B24 with
the ×20 objective. b Two-dimensional surface image from the LSCM of the same area scan with the ×20
objective. c Three-dimensional surface image from the LSCM of the same area scan with the ×20 objective.
The x- and y-axis dimensions for all three are 643×643 μm2. Although the entire surface in the area scan is
worn through contact with the oak branch, the regions of higher microtopography (red and orange/yellow)
possess significant abrasion and striations
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reflected back off the measured surface from the focal plane through a pinhole aperture
located in front of a photomultiplier is used to record topographical structure. Both the
diameter of the pinhole aperture and the wavelength of the incident light reflected back
from the measured surface determine the depth of each focal slice used to record
elevation (Sheppard and Shotton 1997). The LEXT OLS4000 LSCM produces the
incident light using a 405-nm laser that is scanned across the measured surface by way
of a microelectromechanical resonant galvano mirror. To produce slices of measured
sections of the surface, the objective lens on a motorized head focuses the laser onto
surface points of variable vertical distance. These slices are used to mathematically
create a three-dimensional digitized map of the scanned surface. The LEXT OLS4000
used in this work has a vertical scale (z-axis) resolution of 0.8 nm and a height display
resolution of 1.0 nm. It includes a range of objectives from ×5 to ×100, of which the
×20 objective [0.60 NA] was used for this experiment. The number of vertical steps or
slices the laser takes of the surface varies depending on the peak-to-valley distance on
the surface, the objective used and the pitch setting, which was set at 0.06 (‘fine’ pitch)
for the measurement of the basalt flakes.

Surface Roughness and Relative Area

Scale-sensitive fractal analysis has been used to document worn surfaces on various
types of materials (e.g. Mecholsky and Mackin 1988; Brown and Savary 1991; Rees
et al. 1991; Brown et al. 1996; Zang et al. 2002; Unger et al. 2003; Scott et al. 2005;
Jordan and Brown 2006; Cantor and Brown 2009; Brown and Brown 2010). Although
there are numerous measurement parameters that characterize surfaces, we chose to use
the area-scale fractal analysis algorithm relative area (Srel) for surface characterization
(ISO 25178-2 2012). The effectiveness of this algorithm is based on its calculation of
surface roughness at multiple scales that is dependent upon both the order and spacing
of a surface’s microtopographical features. Srel is the ratio of the calculated area (CA)
of the measured surface divided by the nominal area (NA) of that surface (ISO 25178-2
2012; see ASME B46.1 2009; Brown 2013).

Srel sð Þ ¼ CA sð Þ
NA sð Þ

This algorithm calculates the change in apparent, or calculated, area based on the
scales of observation, or calculation, by a series of virtual tilings. The calculated area
(CA(s)) is the number of tiles used in a tiling exercise at a particular scale, s, multiplied by
the area of the tiles used in that tiling exercise (i.e. that particular area scale, s) (see Stemp
et al. 2013: 33, Fig. 7). The nominal area (NA(s)) is the projected, or nominal, area that is
tiled in that particular scale (s). Srel is related to the inclinations of the tilings as a
weighted average of the inverse of the cosine the tile makes with the nominal horizontal,
or datum (see Brown 2013; Brown et al. 1996). This is demonstrated by the equation

Srel sð Þ ¼
X

i¼1

N 1

cosθi

si
S

The slope of the log-log plot of relative area (Srel) versus scale is a measure of the
complexity of the surface, with greater negative slopes corresponding to greater
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complexities. One minus the slope of the area-scale plot is the fractal dimension (ISO
25178-2 2012).

The F test: Mean Square Ratio

Area-scale measurements like Srel can be compared statistically at each scale using the
F test (Lipson and Seth 1973) in order to determine confidence levels for the discrim-
ination of different worn surfaces based on the standard deviations of the two surfaces’
data sets. The variance demonstrated by these surface data is the sum of the variances of
each of the independent sources. The F test compares the variation within each data set
to the variations between the data sets to test the significance of each of the variations.
The mean square ratio (MSR) of the measured data is used to determine whether the
observed variation in surface structure is statistically significant at certain levels of
confidence. For the F tests used to discriminate the mean Srels from the measured
surfaces using the LSCM, the confidence level was set at 95 %.

Method of Surface Measurement Using LSCM

On each basalt flake, seven different area scans measuring 643×643 μm2 were taken
with the LSCM on the surface of the used edge. Depending on the morphology of each
flake, the used edge measured could be either the lateral left, lateral right or distal. The
surface measurements were taken on either the dorsal or ventral surface of each flake,
depending upon the shape of the edge cross-sectional profile. The surface on each flake
that was more level (regular) tended to be chosen for measurement due to restrictions
associated with the working distance of the ×20 objective lens on the microscope (see
below). Very few flakes possessed a surface whose potential for accurate measurement
using the LSCM exceeded the 1-mm working distance of this lens. In cases in which
one surface could not be accurately measured in terms of working distance, the other
side was chosen. Since these tools were used to saw wood, bifacial wear development
tended to be generally equal with their being little influence exerted by tool user
handedness; thus, either surface could be used.

Because we wanted the surface data for all 28 flakes to be comparable, working
distance restrictions on some flakes necessitated the use of the ×20 objective lens for all
flakes. One of the main reasons we could not use the ×50 or ×100 objective lenses for
surface measurement had to do with the working distance of 0.35 mm for these lenses.
Due to the rough surfaces of basalt flakes, some worn areas could not be easily
measured because the distance between the lowest and highest microtopography
(peak-valley distance) exceeded the 0.35-mm threshold for these lenses.

To properly quantify changes in surface roughness, each of the area scan locations
measured on each basalt flake was calculated in terms of Srel on a log scale. For these
data, Sfrax (www.surfract.com) was used to process the data. Prior to calculating Srel,
the surface scan data were processed through a modal filter developed at Worcester
Polytechnic Institute. Mean Srels for the flakes were correlated against their mean
working load so as to establish whether a significant relationship was present across the
whole data set. Significance was determined using Spearman’s rank correlation
coefficient and significance was assumed if P<0.05. Srels were further compared
using the F test (MSR) to determine whether discrimination of the surface roughness
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of two flakes used with different loads was possible and the scale at which such
discrimination occurs. In these experiments, the scales at which there is a high level
of confidence (above 95 %), as indicated by the MSR of Srels, are the scales at which
the tools’ surfaces can be discriminated.

Results

During the course of this experiment, it was noted that the roughness of the natural
unmodified surface topography of rock types like basalt presents some challenges in
terms of surface documentation using the LSCM. Essentially, sharp contrasts or
changes in surface elevations resulted in the inability of the laser to accurately measure
some data points, and therefore, portions of some of the basalt flake surfaces could not
be documented. Because of these difficulties, severely affected samples were eliminat-
ed from this study. This effectively reduces the final number of flakes included in this
study from 28 to 23 (Table 2).

For the remaining 23 flakes, there are important observations that have been made.
Based on mean Srel, there is the expected behaviour of increasing relative area as the
scale of measurement decreases as demonstrated for 3 flakes in Fig. 3. Beginning just
before 103 μm2, mean Srel begins to deviate significantly from 1.00, which marks the
‘smooth-rough cross-over’ (see Brown 2013: 137), where measurement of the larger-
scale surface features of the natural raw material progresses to the smaller-scale
modified surface structure associated with tool wear resulting from contact with the
oak branch at different loads.

At these smaller scales of measurement, there are clear differences between the mean
Srels of individual flakes (Table 2). At a very general level, this indicates that changes
in the surface microtopography of the individual worn flake surfaces vary. The extent to
which these differences are dictated by varying levels of working load is, however, not
so clear. Indeed, there appears to be a modest correlation (correlation coefficient=
−0.143) between increased working load and lower Srels at 0.195 μm2 (Table 2).

Fig. 3 The mean Srel of three basalt flakes demonstrating the increase in Srel as scale of measurement
decreases
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However, this relationship is not significant (P=0.514) and appears to be largely driven
by the values returned for three specific flakes: B8, B16 and B17. When these flakes
are excluded from the analyses (n=20), any clear pattern of discrimination based on
Spearman’s rank correlation of the wear observed on flakes used with varying working
loads is diminished. Furthermore, the Srel SD values indicate that upon each flake’s
worn surface, a large amount of variation can be present, in turn creating substantial
overlap between flakes utilized with differing loading levels (Table 2; Fig. 3). Thus,
while there appears to be a relationship between increased working load and increased
wear development, there is clearly a lot of variability in the surface topography of
individual flakes, and a conclusive relationship based solely on Srels and Spearman’s
rank correlation is unclear from these results. It does, however, appear that mean Srels
below about 2.0 do not occur before a load of ∼2226 g.

In terms of MSRs of the mean Srels, the F tests indicate several preliminary
relationships between increasing wear development and increasing load. Firstly, there
appears to be a loading variation threshold of ∼750 g, above which wear is distinct
enough between two flakes for Srel to be able to discriminate between their surface
areas at fine scales (beginning ∼102–103 μm2). Indeed, flakes with substantial
differences in load can be consistently discriminated using the MSRs of mean Srels
(Figs. 4, 5, 6 and 7). This becomes more difficult when loading differences are under
∼750 g (Fig. 8). Based on the data analysed to date, the minimal load difference
necessary for the discrimination of worn surfaces on two tools using MSRs of mean
Srels at fine scales is generally between 250 and 750 g.

Further to this, there appear to be distinctions between the discrimination at
fine scales of small load differences dependent upon the overall loading levels

Fig. 4 F test (MSR) of mean relative area (Srel) for basalt flakes B5 (230-g load) and B8 (4144-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 3419 g
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of the flakes. Small load differences (200–400 g) between flakes with low loads
(<1000 g) (Fig. 9), and small load differences (200–400 g) between flakes with
high loads (>4000 g) (Fig. 10), cannot be discriminated using Srel at fine

Fig. 5 F test (MSR) of mean relative area (Srel) for basalt flakes B5 (230-g load) and B17 (2220-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 1990 g

Fig. 6 F test (MSR) of mean relative area (Srel) for basalt flakes B19 (1353-g load) and B28 (436-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 917 g
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scales. However, small load differences (200–400 g) between flakes with
medium-range loads (about 1500–3000 g) can be discriminated at fine scales
(Figs. 11 and 12).

Fig. 7 F test (MSR) of mean relative area (Srel) for basalt flakes B2 (2532-g load) and B12 (1767-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 765 g

Fig. 8 F test (MSR) of mean relative area (Srel) for basalt flakes B14 (901-g load) and B15 (958-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 57 g
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Fig. 9 F test (MSR) of mean relative area (Srel) for basalt flakes B5 (230-g load) and B28 (436-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 206 g

Fig. 10 F test (MSR) of mean relative area (Srel) for basalt flakes B8 (4144-g load) and B16 (4494-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 350 g
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Fig. 11 F test (MSR) of mean relative area (Srel) for basalt flakes B3 (3209-g load) and B30 (2911-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 298 g

Fig. 12 F test (MSR) of mean relative area (Srel) for basalt flakes B12 (1452-g load) and B18 (1452-g load).
Discrimination of mean Srel for the two flake surfaces is possible at scales above the 95 % confidence level as
represented by the solid horizontal line. Load difference between the flakes is 255 g
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Discussion and Conclusion

The measurement of wear on the basalt flake surfaces using LSCM and Srel has
provided a series of interesting and informative results, including methodological
questions related to the documentation of rough stone surfaces. While the majority of
basalt surfaces examined here were successfully documented and discriminated math-
ematically, some displayed problems. This was principally due to the extent to which
the microtopography of the raw material of some flakes undulates, essentially creating
highly variable surface profiles with relatively extreme changes between the ‘peaks’
and ‘troughs’ of the rough surface. Consequently, some surface points could not be
accurately documented using the scan settings described above. A number of possible
solutions can be explored in the future to address the issue of rough surfaces, including
the following: (1) the use of a high-stand-off ×50 objective in order to increase the level
of magnification, (2) the modification of the existing modal filter currently being used,
(3) the use of another modal filter that uses a specific test for surface spikes of
measurement anomalies based on certain slope or length criteria, or (4) the measure-
ment of the same area multiple times with the expectation that each scan does not
record the same spikes in the same locations. However, all of these solutions also
introduce some of their own limitations. For example, although the high-stand-off ×50
objective alleviates the working distance problem, it has a lower numerical aperture and
also experiences substantial measurement ‘noise’, which essentially means that the
laser does not record some surface points while scanning and, therefore, a significant
cumulative area of the surface does not get measured. A modal filter can be used to ‘fill
in’ the missing surface data (or spikes) by essentially joining the adjacent measured
surfaces together based on a complex algorithm, but this does not provide an actual
measurement for the missing areas on the stone tool surface.

In relation to the influence exerted by working load, a number of preliminary results
have been presented, confirming that it can be an influential factor in the development
of lithic microwear. On a very broad level, there appears to be a relationship between
increased working load and more developed levels of wear (i.e. microtopographical
modification that increases the smoothness of the raw material’s surface). The F tests
suggest that there needed to be a minimum loading difference of ∼750 g between two
flakes in order for their worn surfaces to be consistently discriminated. Essentially,
comparisons between two worn flakes with a loading difference over the 750-g
threshold could be statistically discriminated, while those flakes whose loading differ-
ence was under the 750-g threshold did not always have worn surfaces that were
significantly different enough that discrimination was possible. This is consistent with
the previous findings that a loading variation of ∼585 g did not produce significantly
different microwear traces, albeit over a reduced period of use (Key 2013). It does,
however, mean that if stone tools are utilized with substantially different levels of
loading, then significantly different microwear traces can develop. Equally, if there are
only subtle differences in working load, then microwear analysis is unlikely to be able
to distinguish between the worn surfaces of stone tools.

In most cases, the loading variation needed between two flakes for a significant
difference to be returned using F tests (MSRs) of the Srels was between 250 and 750 g.
The ability of F tests to distinguish between smaller levels of loading variation is,
however, complex and appears to be affected by the gross loading values experienced
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by the flake tools. It is currently unclear as to why this may be the case. We suspect it
may be part of a complex interaction with the variable stages through which peaks go
when being abraded. Essentially, unworn peaks have a greater surface area relative to
overall mass; therefore, during the early stages of wear development, Srel values should
decrease faster than they would during later stages. This would mean that as wear
development progressed and peaks become highly worn, greater loading variation
would be required to be able to produce significant wear differences. This may also
go some way to explaining why high loading SD values may have an impact upon Srel
values for some flakes, whereas in other cases, it has not. Essentially, depending upon
when the higher and lower portions of the loading that contributed to the high SD
values are exerted upon the flakes’ surfaces, there may be a disparate rate of abrasion
depending upon the stage of wear development. While this is a concept that may be
tricky to investigate experimentally, it would be useful if future research was able to
examine this in more detail. Irrespective of this, there is still a substantial amount of
variation between many of the surfaces of the basalt flakes, even between those of
relatively similar loading values, and it is evident that loading levels alone cannot
explain all of the variation currently seen.

Some variability in our results appears to indicate that the natural surface character
of basalt is playing a significant role in the formation of wear, particularly considering
the extent to which other variables have been controlled here. Certainly, the surface
microtopography of the natural basalt can be highly variable, and this is likely to
influence both the rate and degree of wear formation. However, exactly how this affects
modification of the surface structure and the rate and degree of surface structure
changes still needs to be more clearly determined under experimental conditions.
Beyond the possible variation in peak abrasion rates suggested above, some of the
unexpected relationships observed between single flake comparisons may simply be
dependent upon the original surface roughness of each of the basalt flakes. For instance,
it seems reasonable to assume that two flake surfaces of varying roughness would not
produce identical Srel values if exposed to identical use conditions, with the original
disparate relationship between the two flakes remaining to some extent post-use.
Indeed, basalt from Olduvai Gorge is by no means the most homogenous of rock types
(Moller and Swisher 2012), and the surface roughness variability of flakes is likely to
be far in excess of the more homogenous raw materials typically investigated in wear
analyses. However, based on earlier work on stones with rough surfaces (Stemp et al.
2013), the expectation is that the surface structure of natural basalt would be mathe-
matically documented at the coarse scales of measurement using Srel and that the wear,
in terms of modified microtopography, on the flake surfaces should be measured at the
fine area scales. This highlights the importance for large sample sizes when determin-
ing relationships in microwear traces on rough rock types as raw material variability has
the potential to impact upon the accuracy of any results. What is evident, however, is
that the analysis of microwear traces on rough raw materials, such as basalt, is possible
with LSCM, that the scale of measurement is critical to discrimination, and that,
although there are specific challenges presented by the intricacies of each raw material’s
surface, these can often be overcome.

A number of clear implications for lithic microwear research can be derived from the
present results. The first is that loading levels can affect the degree and rate of
microwear development. As such, two tools used for the same duration could display
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significantly different wear traces depending upon their respective working loads. This
has implications for the reliable interpretation of use duration on lithic artefacts, as both
loading and duration are directly causal to the frictional abrasion of a tool’s surface and,
consequently, tools used for different time periods and different loads could produce
similar wear traces. Similarly, this has implications for the reliable interpretation of
artefact loading levels, and it is unlikely that working load will be distinguishable from
use duration.

Interestingly, loading variation may not impact upon our ability to infer the worked
materials upon which artefacts were used. Recent results suggest that the surface charac-
teristics of lithic microwear are linked to worked material type irrespective of use duration
(Evans et al. 2014). Since both loading and duration are similar mechanical processes
linked with the increase of frictional abrasion, there is cause to hypothesize that functional
applications can also still be derived irrespective of working load. This does, however,
need to be supported through experimental analyses. Similarly, the extent and variation of
working loads experienced by stone tools during their use on multiple worked materials
and when undertaking different actions (i.e. scraping) need to be identified so as to
provide an informed commentary regarding any potential impacts.

Overall, it appears that if loading values are substantially different, then load can
significantly impact upon the development of lithic microwear, and the LSCM is able
to discriminate between the resulting wear that forms using scale-sensitive fractal
analysis. While there is clearly the need for further analyses within the present data
set, and perhaps future experimentation involving different motions, such as scraping,
and with other raw material types, it is clear that loading is a variable that needs to be
considered when investigating the rate and degree of lithic microwear development.
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