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Abstract: In the Pilauco site (40°34'11” S, 73°06'17" W; 13,570 + 70-12,540 + 90 14C year BP), a
previous geochemical trace analysis suggested that the Puyehue-Cordén Caulle Volcanic Complex is
the most likely source for obsidian and dacitic glass artifacts at Pilauco. It was hypothesized that
the glassy rocks were probably collected from a pebble beach deposit, as deduced by the presence
of crescentic percussion marks on the artefact cortexes. An experimental study was designed using
pebble obsidian clasts. Bidirectional transport produced by the waves on a beach was imitated by
an oscillating table, using time lapses equivalent to a transport of 0.7 to 20 km. One hundred clasts
were randomly selected and marked. The morphological changes were registered, measured and
photographed after seven sequential runs. At the end of the experiment at 20 km, the mass loss
of rounded and fractured clasts was 5% and 11%, respectively. Crescent, circular, pseudo-circular
and irregular percussion marks occurred in both types of clasts. In all cases, the crescent marks
developed a pseudo-frosted surface appearance, giving a whiter tone that masks the black color of
the obsidian, exactly as observed in the cortex of the artifacts knapped in dacitic glass at the Pilauco
site. Thus, it is highly probable that the vitreous material was obtained from a beach sourced by the
Puyehue-Cordén Caulle Volcanic Complex.
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1. Introduction

The Pilauco paleontological and archaeological site is located in the Central Depression
of northwestern Chilean Patagonia, west of the Andes Mountains, in the city of Osorno,
Region de los Lagos (40°34’ S-73°07" W; Figure 1). It is one of the most important and
oldest Late Pleistocene sites in Chile [1-6]. The richness of its findings has made it possible
to reconstruct part of the life of the first inhabitants of northwestern Chilean Patagonia
during that time, as well as the associated existing and extinct flora and fauna [7]. The
research conducted at the Pilauco site has been approached from several disciplines, i.e.,
geology, paleontology, paleobotany, archaeology and astrophysics, with a transdisciplinary
strategy [8-12].

During the Late Pleistocene, the human settlement of South America through the
Bering Strait became one of the most inspiring research issues for archaeology ([1,2] and
references therein). South American archaeology has strongly focused on understanding
the relationship between early Americans and their natural environment [3-6,9,13-15].
The study of lithic artifacts has often been carried out by combining morphotechnological
studies with geochemical identification of raw material sources (e.g., [16-18]). In this
continent, the nature of the lithic assemblages is diverse and records the coexistence of
unifacial and bifacial technologies [19]. In general, the lithic artifacts described are usually
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unifacial and quite simple, as is the case of the Pilauco site [20]. Characteristics of the
artifact surface crust fabric are barely mentioned [9].

-

.

Figure 1. Location map of Pilauco site (red dot) in Osorno City. A green dot indicates the source of
the obsidian in the north of Chile. Image obtained from Google Earth.

2. Geological Setting

Natural processes can also occasionally produce pseudo-artifacts, producing pieces
similar to an artifact both in raw material, size and shape [21]. One of the methods applied
to solve this problem is to obtain the geochemical fingerprint of primary or secondary raw
material sources from outside the site, to rule out the possible contribution of nature [22]. In
the almost complete absence of flint, many of the carving materials used in South America,
such as aphanitic volcanic rocks, are distributed over large regions. Thus, it is difficult
to identify precise sources in the territories. On the other hand, one of the most used
materials in South America is obsidian. These rocks have very good carving properties,
and their outcrops are restricted to a few volcanoes. In them, the geochemical fingerprint is
so characteristic that it allows to identify the artifacts that were knapped with each type of
obsidian [18,23-26].

In the context of Pilauco, geochemical studies of a set of artifacts and chips composed
of rthyodacitic and dacitic glass made it possible to propose that the source of these raw
materials corresponds to a volcanic complex located about 80 km east of the site [9].
Frequently, surface micro-texture analyses use scanning electron microscopy of the sandy
fraction of quartz grains ([27] and references therein). Crescentic or semilunar percussion
marks found on quartzite or chert pebbles were interpreted as high-velocity impacts [28].
Additionally, in the Upper Ganges basin, under high kinetic energy, all quartzite pebbles
exhibited semilunar percussion scars [29]. Similarly, the surfaces of boulders and pebbles
from the Upper Triassic of New Brunswick, Canada, are characterized by the same marks.
In this case, they were interpreted to have been formed by percussion between clasts during
fluvial transport [30]. Additionally, using carbon casts, an electron microscopic study of
pebble surface marks was published [31]. They used samples obtained from beaches,
glacial and fluvial environments and described an extensive collection of microfractures.
Semilunar percussion marks in sand- and gravel-sized grains occur because of strong
collisions between clasts [28]. They resemble part of a conchoidal fracture without forming
a complete fracture plane, which would occur with large amounts of energy. However, at
Pilauco, it was not possible to resolve the origin of the surface percussion marks visible
on the cortex of some of the knapped pieces [9]. It is remarkable that the almost black
color of the dacitic glass and obsidian artifacts is transformed in the cortex into a whitish-
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ash color due to the high concentration of small crescentic scars (e.g., artifacts such as
15A-P006-230812, 18AC-P065-311210, 7BJ-N001-201016 and 7AA-P056-050213 [20]).

On the sea beaches situated 50 km west of Pilauco, we have observed the existence of
siliceous rocks other than glass with crescent marks ([20], Supplementary Figure S1). We
think it is most likely that the volcanic glass clasts have collided with each other, because
the fragility of this material would mean that if the collision was caused by a clast of another
composition, density and texture, such as a basalt, the glass would break more easily. It is
also possible to propose that the beaches where these surface marks would have originated
may have been lake shore deposits, as occurs today in the Andes at this latitude where
volcanoes and lakes intermingle. Lake beaches cannot exist in a glaciated environment.
However, there is consensus that there was a rapid glacial retreat at this latitude of the
Andes at the end of the Last Glacial Maximum [32]. This is also supported by seismic facies,
sedimentological and diatom studies, which show an open lake, then beaches since at least
17,915 cal. Yr BP and possibly since ca. 24,750 cal. Yr BP [33-35].

In archaeology, experimentation has been used in many types of disciplines, from
replication of use wear, zooarchaeology, taphonomy, pottery, to butchering experimenta-
tion [36—40]. In the field of transport experimentation, the contributions are very few, and
rather refer to experiments in nature [41] or to the production of micro-traces by animal
trampling, for example [42].

The principal aim of this experimental research is to study surface percussion marks
and their production ratio on volcanic glass clasts, under a beach transport scenario.
Additionally, the second objective is to compare the experimentally produced surface
marks with the marks found in the cortex of archaeological samples.

3. Materials and Methods

Hundreds of obsidian clasts were collected in 2005 by MP from a large secondary
obsidian deposit located along the southern shore of Laguna Blanca on the eastern slope of
the Jarellon volcanic caldera, near the Chilean-Bolivian border [43] (Figure 1). The obsidian
clasts had previously been described [44] as “small- to medium-sized, translucent black to
reddish-brown, rounded pebbles from a secondary source and redeposited on the shores
of a lake”. The obsidian was heterogeneously distributed with variable densities between
500 and 1000 nodules m 2, producing a uniform layer with soil development. Measured
concentrations of incompatible elements such as Ba, Cs, Hf, Rb, Sr and Zr indicate that the
samples correspond to alkaline or calcoalkaline obsidian [43,45].

One hundred obsidian clasts were used in this experiment. These had different sizes
and shapes, well-rounded and polished edges, as well as a patina resulting from weathering
in the Andes Altiplano, characterized as desert varnish. Of these clasts, 50 were used with
their original shape (No. 101 to 150) and another 50 were intentionally fractured by direct
percussion (No. 151 to 200). Each clast was identified with a number written in indelible
black ink on a small white spot made with nail stain. Each of the 100 samples were repainted
at the end of each experiment. The clasts were described considering the characteristics of
surface marks and borders (e.g., smooth, rough, polished). The presence of indentations,
grooves, striations, cracks and microfractures was also observed, as well as the type of
luster present in the sample. The density of surface marks (feature cm~2) and orientation
(Figure 2), the presence of patinas and their color, rounding [46] and shape [47] were also
measured. Photographs were taken of both sides of the clasts before and after each stage
of the experiment using a Travor Softbox. Detailed photographs were also taken with a
Leica S6D stereomicroscope and associated photographic equipment. Additionally, before
and after each stage of experimental transport, length, width, thickness and mass were
obtained for each clast. Lithic artifacts with a higher presence of cortex [9] were described
and analyzed with the same parameters as the experimental artifacts. The description
focused on the percussion crescent-shaped marks, their density and their orientation.
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Figure 2. Graphical scheme used for the description of the density and orientation of surface marks
1=<50cm2,2=50t0100 cm 2,3 =>100cm 2,4 = isotropic, 5 = intermediate, 6 = oriented.

The experimental work was carried out inside a wooden box 100 cm long, 60 cm
wide and 10 cm high, half-filled with water. This box was connected to a three-phase
motor type ML 7114, with 220 V and 1370 rpm. The equipment has a series of pulleys
to decrease the angular velocity and a pulley with an eccentric connector to transform
the rotary movement into an oscillating one. To facilitate the oscillating movement of the
box (OB), it was mounted on wheels on rails. This OB was also divided into three equal
parts (Supplementary Figure S2) whose separations allow the clasts to move mainly in
the direction of the major axis of the OB, which favors the impact between them. The
distance traveled, expressed as the duration of the experiments, was the only variable
that determined the formation of microfractures or surface marks on the material being
transported. As the box oscillates 21 cm forward and backward (total of 42 cm in one cycle),
78 cycles per minute, the clasts were moved 3276 cm min ™. This last number was used
to calculate the transport to which the clasts were subjected in the oscillating box. The
samples were cleaned, and the surficial marks were analyzed at the end of each run. The
same samples were used in the next transport experiment, until completing 20 km (Table 1).
We used transport times of 21, 85, 170, 255, 340, 425 and 600 min (Table 1).

Table 1. Time and distance of transport in each experiment—both are cumulative.

Experiment Number

1 2 3 4 5 6 7
Time (min) 21 85 170 255 340 425 600
Distance (km) 0.7 3 55 8.5 11 14 20

4. Results

The mean transport speed was 0.55 m s~ . During the execution of the experiment, the
clasts lost mass in the form of a fine, abrasive powder that leaves a record of a stippled sur-
face below the major impact marks. The clasts fractured intentionally before the experiment
had a higher mass loss (difference of 7%), a difference that is not significant (Table 2).

Table 2. Total mass loss after the experiment, for 50 natural and 50 intentionally broken clasts.

Initial Mass (g) Final Mass (g) Lost Mass (%)

Natural clasts 1271 1209 5
Broken clasts 911 810 12
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Figure 3 shows the half-moon (crescentic) surficial marks in a portion of the cortex of
artifact 15B-P052-010316. More regular distribution of crescentic markings preserved in the
cortex can be seen in artifact 15A-P006-230812, and the dark color of the vitreous dacite
is observed in the incision in the lower part of Figure 4A. Here, crescent marks dominate
with concentrations of ~100 cm 2 (Figure 4) [9,20].

J— " -n‘
PILAUCO UACW

Figure 3. Artifact 15B-P052-010316. Pilauco site, layer PB-7. Typical black dacitic glass. The artifact
corresponds to a thick flake from cobble, with an active convex-shaped distal edge, as well as part of
the right side. The percussion point is on the left side of the ventral face (C). The crescentic marks are
0.2 to 1.5 mm long, and the marks are distributed irregularly only in the cortex (A,B). Each white and
green square is 1 cm long.

Concerning the shape of the natural pebbles [27] (Figure 5), the samples were mainly
classified as bladed (B, 46%), elongated (E, 10%), equidimensional bladed (CB, 10%) and
very bladed (10%). As for the surface of the clasts, they had irregular surfaces, some
smoothed indentations, as well as well-polished edges due to erosion. They also present
desert patinas of a somewhat orange-brown color. Their L, I and S sizes ranged from
1.8 to 7.7 cm (mean 4.0 cm), 0.95 to 5 cm (mean 2.7 cm) and 0.95 to 2.6 cm (mean 1.6 cm),
respectively. The mass varies between 2 to 91 g (mean 25 g). In the case of the set of fractured
samples, these were presented the most in compact forms (C, 26%), then compact bladed
(CB, 24%), compact elongate (CE, 10%), platy (p, 10%), bladed (B, 10%) and elongated (E,
10%). L-axes ranged from 1.7 to 4.7 cm (mean 3.9 cm), I-axes from 1.6 to 4 cm (mean 2.6 cm)
and S-axes from 1 to 3.1 cm (mean 1.5 cm), with a mass ranging from 5 to 46 g (mean 24 g).

The clasts before the oscillatory transport experiment had three surface mark types
and polished surfaces covered with desert patina. They are isolated or clustered crescentic
marks of low density, and circular “craters” (Figure 6).

On the faces of the clasts during the experimental oscillatory transposition, four types
of surface marks were originated and repeated both in the samples of natural form and
those that were fractured. All types of marks have an isotropic orientation:

1.  Crescent marks: They are characterized by having a crescent or half-moon shape,
generally having clean edges and a vitreous luster characteristic of a conchoidal
fracture. In the cobbles and pebbles without manipulation, they concentrate in a
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2.

3.

4.

greater density on the edges and faces with greater exposure. In the natural clasts,
these marks measured from 2 to 9 mm long and had a density of up to 70 marks cm 2.
In the broken clast ensemble, the length was between 2 and 6 mm, also accumulating
in greater quantity on the edges and freshly fractured faces (with greater exposure
to collisions between clasts). They have a similar density of up to 65 marks cm 2
(Figures 7 and 8).

Circular marks: They correspond to a complete circle, easily distinguishable by their
well-marked edges. They also have a vitreous luster characteristic of conchoidal
fractures and stand out for the thickness of the edges, which are generally thicker
than the crescent marks. Occasionally, two crescent marks may join to form a circular
mark. Both in the natural and broken clasts, the length varies between 3 and 5 mm,
and they have a low density comprising up to 5 marks cm= (Figures 7 and 8).
Pseudo-circular marks: The marks classified in this type are not perfectly circular
in shape, with poorly defined edges, and in some cases are irregular. Most of them
correspond to imperfect shapes with open ends, so in some cases they may resem-
ble crescent marks. In the non-modified cobbles and pebbles, the length fluctuates
between 2 and 8 mm, though these are very uncommon. In the broken clasts, these
marks are between 2 and 15 mm long and can be observed associated with concave
fractures, with well-marked circular edges and others with more irregular edges
following a semi-circular shape (Figures 7 and 8). In addition, in this case, from 3 and
up to 5 marks cm~2 were observed in the natural and broken sets, respectively.

Irregular marks: These marks do not follow a common pattern, nor do they have
similar sizes, since they can range from millimetric to centimetric sizes. They are
marks generated in thinner, weaker edges and therefore with a greater tendency to
fracture. In the natural cobbles and pebbles, these marks do not follow a pattern and
can be the largest, with lengths ranging from 2 to 14 mm. In the broken obsidian
pieces, the length can vary from 1 to 12 mm (Figures 7 and 8). The concentration
comprises up to 30 marks cm

-2

Figure 4. Details of the cortex of artifact 15-P0006-230812, knapped in dacitic glass. In the incision in

the lower part of Figure 3A, the black color of the rock can be observed. (A,B) Normal photographs,

and (C,D) stereomicroscope images. Each white and black rectangle is 1 mm long.
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Compact Compact

Platy Bladed Elongate Platy Bladed Elongate
(L-1)/(L-S) (L-I)/(L-S)

Figure 5. Clast shape classification diagram [27]. On the left, the light blue dots correspond to
naturally shaped samples, and the red dots on the right represent artificially fractured samples. After
breakage, the shapes became more compact.

Figure 6. Main characteristics of the non-fractured natural samples prior to experimentation.
Rounded, polished edges and a brownish desert patina (A,B), a rough surface with clustered cres-
centic marks (C,D) and rounded, clustered and isolated “crater” shaped notches (E,F) are visible.
Isolated crescentic marks were also observed (B,F). The bottom right bar measures a total of 5 mm,
the same from (A-F).
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Figure 7. Different types of percussion marks generated in the experiment for the rounded samples:
(A) circular, (B) crescent, (C) pseudo-circular, (D-F) crescent. The bottom right bar measures a total
of 3 mm, the same from (A-F).

With respect to the density of the surface marks, Table 3 shows the maximum numbers
achieved. The highest density was obtained in naturally shaped samples with a maximum
of 70 marks cm 2, a little higher than that observed in the set of fractured pieces (65 marks
cm~2), which was reached at the end of the experiment at 20 km of travel. The relationship
between transport distance and mark density is statistically significant, because the p-value
in the ANOVA table is less than 0.05 with a confidence level of 95.0%. The R-squared
statistic indicates that the fitted model explains 97.1% of the variability in marks. The
correlation coefficient is equal to 0.986, indicating a relatively strong relationship between
the variables. The equation that relates both variables is:

mark density = 113.1859 + 146593 /transport distance

Figure 8. Different types of percussion marks generated in the experiment for the broken samples:
(A-E) crescent, (C,D) pseudo-circular, (D) circular, (B-F) irregular. The bottom right bar measures a
total of 3 mm, the same from (A-F).
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Table 3. Density ranges (marks cm~2) in relation to the oscillatory transport distance separated into
naturally shaped and intentionally broken clast assemblages.

Transport Distance

0.7 3 5.5 8.5 11 14 20
Natural clasts 0-1 0-9 3-18 6-25 12-36 15-47 20-70
Broken clasts 0-3 0-10 5-22 8-29 12-37 15-42 19-65

That results indicate that the rate of percussion mark production was highest at the
beginning of the experiment, up to 8.5 km, decreasing slightly thereafter. In relation to
mass and patina loss, as an example, in sample 52, before the experiment the mass was 29 g
and at the end of the 20 km of oscillatory transport it ended with 27 g, with a wear of 7%.
The clast shows a 95% loss of the desert patina, conchoidal crescent and circular fractures
up to 5 mm (Figures 9 and 10).

Figure 9. Sample 52. Transport effects (from 0 to 20 km).
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Figure 10. Sample 193, intentionally broken clast. Transport effects (from 0 to 20 km).

5. Discussion

The shapes described for the 3270 clasts collected in [43] in 2005 are concentrated
(with great dispersion) within the compact bladed type, while the samples selected for
this analysis presented a greater variety of shapes around the bladed group. This bias
was probably produced by a series of selection and extraction processes of the obsidian
collection for different educational and research purposes in Valdivia since 2005. Although
the volcanic glasses used in this experiment correspond to obsidian [44] and the archae-
ological materials are dacitic glasses [9], it is very unlikely that the small differences in
chemical composition (e.g., Ba and Zr concentrations [9]) between the two types of glasses
originate any difference in the production of impact marks, regardless of the sedimentary
environment. Some of the observed marks, such as the small “craters” (Figure 6E,F), were
not described previously [43], and we think they could be vesicles opened during the
experimental run. The other marks, clustered and isolated crescentic marks (Figure 6C,D),
and the more frequent bladed shape of the obsidian clasts suggests that they acquired
their shape and impact marks due to transport on the shores of a paleolake, thus recording
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ancient higher levels of the present Laguna Blanca [43]. Given the previous last glacial
maximum age of the obsidians, these cobbles and pebbles were transported a long time
ago by a combination of first-order creek, snowmelt and gravity processes [43].

A detailed river transport experiment was carried out using a novel circular flume [47].
They used various lithologies, diameters from 10 to 80 mm and different speeds. They
concluded that lithology controls both abrasion rates and abrasion processes, with differ-
ences in the former exceeding two orders of magnitude. Attrition, as well as breaking and
splitting, are effective processes for reducing particle size. Mass loss by attrition increases
with particle speed but has little dependence on particle size.

Our objective was to demonstrate that bidirectional transport could form surface
marks similar to those observed in some dacitic volcanic glass artifacts at Pilauco. For
this reason, our experiment was simpler than the one designed in [47], leaving speed and
lithology constant. Additionally, there were no differences in weathering intensity and
shapes in our clast collection [48,49]. The chosen average speed of 0.55 ms~}, in the lower
part of the speed range used in [47], did not cause breakage of the clasts, but had the
capacity to obliterate the intentional fractures that were made in half of the clasts used in
the experiment.

The attrition rate reported in [47] varied between ~0 and a maximum of 6% h=1, de-
pending on the amount of sediment mass and the diameter of the clasts. In our experiment,
the attrition rate varied between 5% and 12% in 10 h, equivalent to 0.5% to 1.2% h~!. This
difference between mass loss using round and intentionally fractured clasts is however not
statistically significant. It has been observed that the abrasion rate of angular clasts can
be five times higher than the abrasion rate of rounded pebbles of similar diameter, due to
edge abrasion, mainly by chipping [49,50], very different to our results.

6. Conclusions

We conclude that the novel transport device used here well-reproduces the bidirec-
tional movement of clasts due to waves on a beach. The surface impact marks observed on
the cortex of the dacitic glass artifacts recorded at the Pilauco site are similar to the ones
developed in the first hours in our experimental flume. Thus, the archeological artifacts
made of dacitic glass recorded at the Pilauco site suffered a minimum of 20 km of bidirec-
tional transport distance. The angular clasts were rapidly rounded after a few kilometers
of transport.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min12030343/s1. Figure S1: Agate cobble found at the coast
of Osorno, associated with acidic volcan-ism products. This fine grain material has a surface with
high-density and very tiny crescentic marks. The coin diameter is 2.5 cm. Figure S2: A: Upper part of
the oscillatory box, divided into three equal parts to allow the clasts to move mainly in the direction
of the major axis of the box; B: a view of the three-phase motor type ML 7114, and the series of pulleys
to decrease the angular velocity and a pulley with an ec-centric connector to transform the rotary
movement into an oscillating one.
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