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Abstract

Many gold placers located in the Coastal Range of south-central Chile have
been exploited commercially during the past decades; nevertheless and until
now, there are not any exploration studies of these placers and their base-
ment. In order to provide an overview of exploratory potential, the stream
sediments that are part of several gold placers in the northwest area of the
BioBio region are analyzed, which have been registered on the basis of em-
pirical evidence from artisanal mining activities. The overview consists of two
goals: 1) determine the presence of auriferous occurrences (stream sediments
and basement) and 2) identify potentially favorable areas to find gold placer
deposits. Through optical microscopy this study characterized the metallic
and non-metallic mineralogy of the basement, along with geochemical ana-
lyses of stream sediments and surrounding rocks of the placer deposits. The
geochemical results show two sectors with high precious metal contents in
sediments (up to 24 ppm of Au and 8 ppm of Ag) and two rocky outcrops
with Au (757 and 41 ppb). Additionally, there are depressions in the study
area that have received large amounts of sediments (reaching up to 170
m-thick), which are favorable places for the accumulation of auriferous sedi-
ments from nearby valleys due to the tectonic and structural conditions
where they are located. Then, these results show an exploratory potential for
gold placers and can be useful to delineate future exploration strategies in the
Coastal Range of south-central Chile.
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1. Introduction

The National Gold Plan (Plan Aurifero Nacional de Chile) conducted by the
Chilean National Mining Corporation (ENAMI) between years 1983-1987 al-
lowed recognizing the gold placers along the country [1], its depositional setting
[2] and grouped them into four categories: 1) placers related to Upper Juras-
sic-Lower Tertiary granitoids, 2) placers related to Paleozoic Metamorphic
Basement and/or South Coastal Batholith, 3) placers related to quaternary mo-
raines, and 4) placers located at oceanic beaches. The second category shows the
placers distributed between the center and south of the country (~33°S - 38°S)
along the Coastal Range (Figure 1).

Evidence of gold occurrences in rocks of the Paleozoic basement in south-central
Chile is very scarce; some of them are located near gold placers (e.g., [3]). For
instance, a few tens of gold bearing quartz veins with thicknesses between 0.40
and 2 m hosted in the South Coastal Batholith (32°30'S - 38°S; [4]) are located
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Figure 1. Gold placers in the metamorphic basement and south coastal batholith of Chile
(adapted from [2]).
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near the Marga Marga placer (Figure 1) [5]. In addition, areas within this intru-
sive body display anomalous Au values (up to 8 ppb; [6] [7]). Banded Iron For-
mation (BIF) type deposits hosted in rocks of the Metamorphic Basement [8] [9]
have been detected close to the Mahuilque gold placer (Figure 1); these show Au
contents (up to 0.36 ppm) mainly in metacherts [3] and are similar to Au-rich
BIF deposits of south-central Africa [10].

Reviews by Pincheira et al (1991) [1] and Collao et al (2000) [11] in the Bi-
oBio region show a large number of gold placers (120), mainly hosted in modern
alluvial and fluvial deposits in the Coastal Range. Some of them (20) have been
classified empirically, from observations of local miners, as attractive for explo-
ration (>0.5 g/m’ [11]) and spatially related to the Metamorphic Basement
and/or South Coastal Batholith [2]. This can be considered as empirical evidence
to explore such placers within that geological context.

The gold placers within the Coastal Range of the BioBio region do not have a
basic geological description of its outcrops or drill holes (e.g., stratigraphy,
composition, shapes, chemical analyzes, etc.) and the reviews just show empiri-
cal evidence from artisanal mining activities. Then, as this area is practically un-
explored, the study is oriented to provide an overview of exploratory potential
for gold placers. This overview comprises two goals: 1) determine the presence
of auriferous occurrences (stream sediments and basement) and 2) identify po-
tentially favorable areas to find gold placer deposits. The data to achieve these
goals were obtained from geological mapping, petrography of representative
rocks, descriptions of eventual mineralizations, and geochemistry of rocks and
stream sediments which are part of several gold placers hosted in fluvial deposits
(16) located at one sector of the Coastal Range of south-central Chile (Figure 2)
and the basement in which they are located.

2. Geological Setting
2.1. Regional Geology

The oldest rocks in the study area (Figure 2) constitute the Metamorphic Base-
ment of the Coastal Range [12], which are interpreted as an accretionary com-
plex of Carboniferous to late Triassic age [13] [14]. These rocks have been di-
vided into two strips, the Western and Eastern Series [12] [15] [16]. The West-
ern Series consists of mica schists, metabasites, metacherts and serpentinites
[15], whereas the Eastern Series is composed of phyllites, slates, schists and
gneisses with an increasing metamorphic grade towards the contact with Paleo-
zoic intrusive rocks [17] [18], showing biotite, andalusite and sillimanite zones
in the same direction [19] [16].

The intrusive rocks are mainly grouped in the Permo-Carboniferous South
Coastal Batholith [20] [18]. Together with this intrusion, during the Permian,
the tectonic erosion caused the removal of material from the accretionary com-
plex [19] which led to the loss of a 100 km portion of land [16]. This batholith is

composed of calc-alkaline granitoids [21], ranging from granodiorites and tonalites
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Figure 2. Geological setting (adapted from [11]) and location of gold placers. In addition,
rivers and inferred faults (presence of cataclastic material) are shown. (1): Puente 3; (2):
Puente 4; (3): Puente 5; (4): Vertiente; (5): Puente 6; (6): Puente 7; (7): Curapalihue; (8):
Poiién; (9): Confluencia; (10): Colcura; (11): Laraquete; (12): Rio Lias; (13): Santa Juana;
(14): Rio Laja; (15): Hualqui; (16): Quilacoya.

(center) to granites (margins) [15], and minor amounts of microgranites and
pegmatites [4]. In addition, there are small outcrops of Upper Triassic plutonic
rocks (Norian; [17] Figure 2), composed mostly of monzogranite (Hualpén
Stock; [17]).

From Figure 2, Mesozoic to Cenozoic sedimentary rock sequences overlie the
Upper Paleozoic plutonic and metamorphic rocks [22]. The oldest unit, Santa
Juana Formation [23], is an Upper Triassic (Carnic; [24]) marine-continental
rock sequence, deposited in a NW-SE basin during the initial breakup of Gond-

wana and the Mesozoic subduction [25]. The main lithologies are arkosic sand-
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stones, shales and claystones, composed of sediments derived from Upper Pa-
leozoic plutonic and metamorphic rocks [24]. Upper Cretaceous (Maastrichtian;
[26]) sedimentary marine rocks, represented by the Quiriquina Formation [27],
are composed of a basal transgressive conglomerate, fossiliferous sandstones and
intercalations of conglomerate [28]. The Cenozoic sedimentary cover comprises
marine and continental deposits which are a product of transgression and re-
gression episodes until the Quaternary, within a forearc basin over a continental
shelf with epeirogenic movements [22]. These deposits are included in a set of
formations known as “Arauco Group”, mainly composed of sandstones, clays-
tones and siltstones [29].

The tectonic setting of the south-central Chile margin, characterized by the
fast dextral-oblique (N77°E) subduction of the Nazca oceanic plate beneath the
South American continent [30], has kept relatively stable since the Pliocene [31].
During the Pliocene-Quaternary, this configuration led to normal faulting with
NE preferential orientation, together with uplift and marine regression in the
coastal area of south-central Chile [32] which, in turn, allowed the development
of the BioBio and Andalién rivers [33].

2.2. Drainage and Geomorphology

The studied placers, developed in the BioBio and Andalién basins (Figure 2), are
hosted mainly in unconsolidated late Holocene sediments (gravel and sand)
[34], which correspond to the current stream sediment deposits, with a maxi-
mum thickness of 20 m [34].

The BioBio river has a drainage basin of 24,000 km” and a length of 380 km
from the Andes to the coast [35]. The hydric regime is pluvial and nival with
flow rates of 700 to 1,300 m’/s; however, the lower course is completely pluvial
with up to 3,000 m*/s during winter floods [36]. Furthermore, this river does not
have major lakes along its course which causes extreme sediment transport and
creates sandbars close to the coast [36].

The Andalién river has a drainage basin located within the Coastal Range [36],
with an area of 780 km? [36]. It is born at the confluence of the Pofién and Cu-
rapalihue rivers, has a meandering path and a length of 36 km [37]. Its hydric
regime is pluvial with winter floods and flow rates between 10 m*/s in summer
and 300 m’/s in winter [36].

The most important physiographic unit is the Coastal Range. It is composed
of intrusive and metamorphic rocks [38] with average altitudes ranging from 150
to 300 m a.s.l. [39] and slopes between 15° and 25° [38]. Towards the south of
the BioBio river, the Coastal Range is progressively raised by ENE-WSW faults
in the Metamorphic Basement (Figure 2), from 300 to 650 m [40].

Morphogenetically, the weather is a relevant factor [38]. The differences in
rainfall and temperature averages between winter (~350 mm and 9°C; [36]) and
summer (~50 mm and 18°C; [36]) seasons induce erosion processes along the
Coastal Range [41].
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3. Sampling and Methodology

Sediment samples were collected along the thalweg of fluvial streams (~40 cm
below the surface) during the summer months (January, February and March).
A total of 132 samples were taken from these streams (each 200 m; Figure 3),
with a volume of two liters per sample and particle size smaller than fine gravel
(<2 mm). These were concentrated gravimetrically using a Wilfley vibratory ta-
ble to obtain the heavy fraction (e.g., [42]), dried in a muffle furnace at 40°C,
homogenized and divided with a riffle sample divider. In parallel, 30 rock chip

samples were collected from outcrops (Figure 3), each of them equivalent to 5
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Figure 3. Location of samples in the study area. (A) Selected areas; (a), (b) and (c), related to the studied placers (Figure 2); and
(B) Distribution of collected samples.
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kg, representative of ~30 m’ and homogeneous with respect to lithology, mete-
orization and leaching (e.g., [43] [44]).

The mineralogy of the basement (12 standard transparent-polished sections)
was identified by means of an Olympus BX40 optical microscope.

All the procedures mentioned previously were performed at the Departamen-
to Ciencias de la Tierra, Universidad de Concepcién, Chile.

Samples for geochemical analysis (sediments and rocks) were pulverized with
a tungsten Heiko TI 200 mill and the sediment samples were analyzed at the In-
stituto de Geologia Econémica Aplicada (GEA), Universidad de Concepcion,
Chile. As for the rock samples, they were analyzed at ACME laboratories, San-
tiago, Chile.

The chemical analysis of the drainage sediments was performed by atomic
absorption spectrometry (AAS; Hitachi Z-8100) for the determination of Cu, Pb,
Zn, As, Au and Ag. For Cu, Pb and Zn, the samples were dissolved with HCI,
followed by a fusion of the insoluble residue with lithium tetraborate. In the case
of As, this was extracted by hydride generation (e.g., [45]). Au and Ag were pre-
concentrated by fire assay (e.g., [46]). The detection limits were: Cu, Pb and Zn:
12 ppm; Au: 0.02 ppm; As: 0.001 ppm; Ag: 0.2 ppm. The quality control was
performed by means of internal laboratory materials, including standards, dup-
licates and blanks.

Rock samples were analyzed using induced coupled plasma atomic emission
spectrometry (ICP-AES), and in addition, Au was determined by atomic absorp-
tion spectrometry. For ICP-AES, a 0.5 g sub-sample was digested with 3 ml 3-1-2
HCI-HNO;-H,O leach at 95°C for 1 h, and then diluted to 10 ml with water. For
Au-AAS, a 10 g sub-sample was digested with aqua regia at 95°C for 1 h, and
then diluted to 100 ml with water. The detection limits were: Au: 0.5 ppb; As: 0.5
ppm; Hg: 0.01 ppm; Mo, Cu, Pb, Zn, Ni, Cd, Sb, Bi and Ag: 0.1 ppm. The quality
control was performed by means of internal laboratory materials, including

standards, duplicates and blanks.

4. Results
4.1. Field Observations and Petrography

The principal lithologies in the study area are coarse grained biotite/amphibole-
biotite granodiorites and coarse grained biotite granites of the South Coastal
Batholith (Figure 2). These rocks are locally cut by quartz veins and aplite dikes,
from 1 to 10 cm thick (Figure 4(a)). Thin sections show that the main minerals
are plagioclases (slightly altered to sericite), K-feldspar (microcline slightly al-
tered to clays), quartz, biotite (Figure 4(b)) and locally epidote. Microdiorite
xenoliths, sub-rounded and measuring 5 - 10 cm long, are also frequently
present. Another common feature is the presence of pegmatite bodies, mainly
composed of quartz, K-feldspar (Figure 4(c)) and lesser amounts of muscovite
and biotite altered to chlorite, with local occurrence of almandine garnet and

tourmaline (dark brown and polychrome). Thin sections of a pegmatite body
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1 mm

Figure 4. Lithologies in the South Coastal Batholith. (a) Granodiorite outcrop (Gd) cut
by aplite dikes (Ap). (b) Thin section of Gd (sample QC-1V; Table 1): quartz (Qz), pla-
gioclase (P1), K-feldspar (Kfs) and biotite (Bt), with hypidiomorphic granular texture. (c)
Pegmatite near Florida: quartz (Qz), K-feldspars (Kfs) strongly altered to clays (Cl) and
biotite (Bt). (d) Thin section of this body (sample Pofién 1; Table 1): tourmaline (Tm),
quartz (Qz). (b) and (d) obtained under optical microscope in transmitted light.

located close to the Pofién placer (“Pofién pegmatite”) show quartz and feldspar
(plagioclase and microcline) as major components, commonly displaying a
graphic intergrowth, with minor amounts of tourmaline (Figure 4(d)). [47] in-
dicates the presence of orthoclase, plagioclase, quartz (smoked and white), micas
(biotite and muscovite), besides meta-autunite, chlorite, limonites, clays and
traces of rankachite (CaFeV,W,0,,-12(H,0)).

In the Quilacoya area, Triassic sedimentary rocks are cut by quartz veins (up
to 10 cm thick) of similar orientation to the stratification, and some orthogonals
as part of the same system (Figure 5(a) and Figure 5(b)), with quartz crystals
oriented perpendicularly to the walls of each vein (Figure 5(c)). These veins are
present at the contact zone between the South Coastal Batholith and the sedi-
mentary rocks (Santa Juana Formation), with strikes varying from N60°W to
N75°W and dips ranging from 60°SW to sub-vertical. In thin sections of quartz
veins and adjacent wall rock, effects of deformation such as fracturing and re-
crystallization are observed (Figure 5(d)). The sedimentary rocks around these
veins are moderately to strongly argilized, showing alteration halos that reach up
to 20 cm, along with limonites (mainly goethitic and minor hematitic; ~5%) and
pyrite boxworks (1% - 2%), also observed in the quartz veins (~1%; Figure 6(a)).

Pyrite and chalcopyrite (<1%) and occasionally Fe-Ti oxides (ilmenite) have
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Figure 5. Quartz veins in Quilacoya. (a) Contact zone (dashed line) between sedimentary rocks of the Santa Juana Formation (S])
and granitoids of the South Coastal Batholith (SCB), where quartz veins (black lines) with similar orientation to the stratification
(white lines) and some orthogonals are observed. (b) Detail of polydirectional quartz veins (Qz). (c) Sub-vertical quartz vein (Qz)
and brecciated wallrock (Bx). (d) Thin section of these veins (sample Q-1; Table 1): fractured quartz crystals (F) within the vein
and recrystallized grains (R) in the wallrock (WR), corresponding to sandstones. (d) obtained under optical microscope in trans-
mitted light.

0.8 mm e i 0.8 mm

w®
0.4 mm 3 g 0.4 mni

Figure 6. Evidences of metallic mineralization. (a) Sandstone from the Santa Juana Formation with disseminated hematitic limo-
nite (Hm) and pyrite boxworks (Bw) in quartz veins. (b) Pyrite (Py) along cleavage planes (segmented line) in a biotite (Bt) crys-
tal, surrounded by K-feldspar (Kfs). (c) Pyrite (Py) grains between biotite (Bt) crystals in K-feldspar (Kfs). (d) Pyrite (Py) and
chalcopyrite (Cpy) associated with rutile (Ru) and sphene (Sph); and (e) Isolated grain of ilmenite (Ilm) in K-feldspar (Kfs)
slightly altered to sericite (Ser). (f) Disseminated crystals of chalcopyrite (Cpy) and muscovite (Ms) in K-feldspar (Kfs). (b) and (c)
sample Poiién 7 (Table 1); (d)-(f) sample U5-500 (Table 1). (b)-(f) obtained under optical microscope in reflected light.
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been observed only in the Pofién pegmatite. Pyrite occurs as microveinlets,
forming a partial fill along cleavages of biotite (Figure 6(b)) and between crys-
tals of this mineral (Figure 6(c)), while ilmenite, rutile, sphene, pyrite and lesser
amounts of chalcopyrite occur as anhedral disseminated grains (Figure 6(d)) in
K-feldspar slightly altered to sericite (Figure 6(e)). Chalcopyrite also occurs as
subhedral disseminated grains, locally in contact with muscovite crystals (Figure

6(f)).

4.2. Geochemistry of Rocks and Sediments

Most of the rock chip samples (Figure 3) were obtained from unmineralized
unaltered areas in the South Coastal Batholith, including pegmatite bodies
(Table 1). In addition, some quartz veins were collected (placer 11 and 16; Table
1), but not included in the statistical results. In the case of stream sediment sam-
ples, analyzes were conducted on heavy mineral concentrates (Table 2).

Basic statistical results presented in Table 3 for intrusive rocks (granodiorites
and granites), pegmatites, quartz veins and sediment concentrates show the
number of cases, mean, range, standard deviation and global (world) mean value
ranges for intrusive rocks referenced in the same table.

It is not possible to compare the elements found in the sediments with the re-
sults collected from rocks given that the former might have different and un-
known sources. This is why the following description is made in order to present

the metallic content in both cases.

4.2.1. Rocks

Molybdenum. Samples of intrusive rocks and pegmatites have mean values (0.28
and 0.49 ppm, respectively; Table 3) lower than the global mean range (1.0 - 1.5
ppm; Table 3). Although, it must be noted that a significant number of samples
have Mo contents near to the detection limit (0.1 ppm) or below this. The high-
est value is observed close to the placer 4 (Vertiente 8: 1.8 ppm; Table 1).

Copper. The mean values for samples from intrusive rocks (3.65 ppm; Table
3) and pegmatites (18.85 ppm; Table 3) are below the global mean range (30 - 72
ppm; Table 3). The highest values are observed in the Pofién pegmatite
(U5-500: > 10,000 ppm; U2X-400: 215 ppm; Table 1).

Lead. Rock samples of the South Coastal Batholith have a mean value (14.43
ppm; Table 3) within the global mean range (4 - 15 ppm; Table 3). Nevertheless,
the mean value for pegmatites (106.54 ppm; Table 3) is considerably higher than
the global mean range, where the highest values are observed close to the placer
8 (U5-500: 802.9 ppm, U2X-400: 590.7 ppm; Table 1).

Zinc. The mean value for samples from the intrusive rocks (28.26 ppm; Table
3) is below the global mean range (60 - 94 ppm; Table 3), while the samples
from pegmatites along the South Coastal Batholith have a mean value considera-
bly higher (666.3 ppm; Table 3) than this range, with the highest value in the
Poiién pegmatite (U5-500: 9,522 ppm; Table 1).

Nickel. Most of the samples from the intrusive rocks have low Ni contents
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with a mean value (2.37 ppm; Table 3) below the global mean range (4.5 - 15
ppm; Table 3). In the case of pegmatites, these have a mean value within the
global range, with the exception of one sample above this range (U5-500: 119.4
ppm; Table 1).

Table 1. Content of Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, Au and Hg in surrounding rocks of the studied placers (Figure 3).

Sample N L Mo Cu (ppm) Pb Zn Ni (ppm) As Ccd Sb Bi (ppm) Ag Au Hg
(ppm) (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppb) (ppm)
QC-1C 1 (a 1 7.6 4.6 49 3.3 2.3 <01 <01 <01 <01 75 <001
CL-1 2 () 0.3 0.7 15.9 7 0.6 1.9 <01 <0.1 0.3 <01 16 1.39
TN-1 3 (a) 0.5 11.8 153 21 1.1 6.3 <0.1 0.1 1.9 <0.1 <05  <0.01
P5-1 3 (b)) <01 1 9.9 6 0.4 1.5 <01 <01 <01 <01 <05 <0.01
CC-1 4 () <01 2.6 30.1 8 0.6 1.2 <01 <0.1 0.1 <01 <05  <0.01
Vertiente8 4 (b) 1.8 49 125 9 1.4 5.6 <0.1 0.2 <01 <01 07  <0.01
Vertiente9 4 (b) 0.4 5.8 13.1 8 1.3 1.8 <0.1 0.4 <0.1 <01 <05  <0.01
Vertiente 11~ 4 (b) 0.5 3.1 13.2 9 0.8 2.3 <0.1 0.2 <0.1 <01 <05  0.02
P-1 5 (a) 0.1 8.8 14.6 68 6 4.1 <01 <01 0.3 <01 78 0.04
F-1C 6 (b) 0.4 5.9 64.5 7 0.5 5.9 <01 <01 0.2 0.1 <05 <0.01
F-1 6 (b) 0.1 2.2 28.6 3 0.6 1.4 <01 <01 0.3 <01 09  <0.01
QC-1v 7 (@ <01 2 21.4 9 0.7 35 <01 <01 0.2 <01 <05  <0.01
FP-1 8 (a) 0.3 1 4.5 12 0.8 1 <01 <01 <01  <0.1 05  <0.01
Pofién 1 8 (b 0.5 3.1 4.6 92 1.3 2.5 <0.1 0.1 0.1 <01 16 0.01
Pofién 2 8 (b 0.6 3.2 12.1 27 1.3 4.9 <01 <01 0.1 <01 11 0.01
Pofién 5 8 (b) 0.4 3.9 4.2 47 2.5 1.8 <01 <01 <01  <0.1 <05  <0.01
Poién 7 8 (b) 0.7 4.4 55 63 2.7 1.6 <01 <01 0.2 <0.1 <05  <0.01
U2X-400 8  (b) 1 215 590.7 152 1 4243 0.1 10.4 5.1 32 7567 1.81
U3-245 8 (b) 0.4 44 20.5 41 1.5 3.7 0.1 0.1 1.3 0.7 0.6 0.03
U5-500 8 (b) 0.3 >10,000 8029 9,522 1194 126 3.8 1.7 0.5 3.7 242 007
RI-1 9  (a) 0.4 3.6 20.8 86 2.8 6.3 <0.1 0.2 0.2 01 <05 <0.01
RI-3 9 (b) 0.2 5.6 11.2 8 0.4 1.9 <01 <0.1 0.1 <0.1 <05  <0.01
L-1 11 (d) 0.4 17.4 122 100 29.3 5.1 <01  <0.1 0.4 <0.1 1 0.02
RL-1 12 (b) 0.1 14 4.7 <1 1.2 0.7 <01 <01 <01 <01 12  <0.01
CP-1 13 (a) 0.1 0.4 0.6 <1 0.5 0.5 <01 <01 <01 <01 51  <0.01
R-1 14 (a) 0.2 4.1 27.2 23 1.9 1.7 <01 <01 <01  <0.1 2 <0.01
Y-1 14 (a) 0.6 1.4 4.9 9 8.9 1.2 <01 <01 <01 <01 <05 <0.01
RH-1 15 (a) 0.1 2.3 10.5 37 2 5.5 <01 <01 0.2 <01 <05  <0.01
HQ-1 16 () <01 12 17.3 38 1.7 5.5 <01 <01 0.1 <01 22 <001
Q-1 16 (d) 0.6 2.7 8.1 5 1.5 209  <0.1 0.2 <0.1  <0.1 409  0.09

L: Lithology; (a) Granodiorite, (b) Pegmatite, (c) Granite, (d) Quartz vein.

DOI: 10.4236/ijg.2018.911038 645 International Journal of Geosciences


https://doi.org/10.4236/ijg.2018.911038

F. Stange et al.

Table 2. Content of Cu, Pb, Zn, As, Ag and Au in concentrated sediments of the studied placers (Figure 3).

Sample
32-(3a)
24-(3a)
21-(3a)
19-(3a)
4-(7a)
16-(3a)
7-(3a)
9-(3a)
4-(8a)
4-(9a)
12-(1a)
4-(14a)
10-(5a)
10-(7a)
10-(1a)
10-(3a)
7-(5a)
2-(3a)
2-(12a)

2-(13a)

N°

10

11

12

13

14

15

16

16

Geological setting Cu(ppm) Pb(ppm) Zn(ppm) As(ppm) Ag(ppm) Au(ppm)
South Coastal Batholith 45 15 25 0.044 <0.2 <0.02
South Coastal Batholith 131 <12 17 0.043 <0.2 0.04
South Coastal Batholith 51 18 28 0.049 5.50 9.25
South Coastal Batholith 14 <12 16 0.035 <0.2 0.08
South Coastal Batholith 23 <12 16 0.079 <0.2 0.04
South Coastal Batholith 6 14 11 0.034 <0.2 0.32
South Coastal Batholith 6 <12 17 0.020 <0.2 0.05
South Coastal Batholith 7 <12 17 0.027 <0.2 0.04
South Coastal Batholith 29 <12 16 0.053 <0.2 0.04
South Coastal Batholith 22 <12 18 0.353 <0.2 491
South Coastal Batholith 8 15 52 0.090 3.7 23.86
South Coastal Batholith 6 <12 11 0.096 <0.2 0.19
Metamorphic Basement 45 <12 35 0.279 <0.2 0.05
Metamorphic Basement 13 <12 40 0.031 <0.2 <0.02
Metamorphic Basement 28 <12 36 0.028 <0.2 0.06
Metamorphic Basement 46 <12 68 0.044 <0.2 0.06
South Coastal Batholith 30 <12 35 0.018 <0.2 <0.02
South Coastal Batholith 15 <12 23 0.045 <0.2 0.19
South Coastal Batholith 69 <12 44 0.025 8.14 0.05
South Coastal Batholith 6 <12 9 0.022 <0.2 0.51

Arsenic. The mean value for samples from the intrusive rocks of the South
Coastal Batholith (3.15 ppm; Table 3) is slightly higher than the global mean
range (1.5 - 2.0 ppm; Table 3). Pegmatites have a mean value (31.5 ppm; Table
3) considerably higher than the range of the global values, with the highest value
in the Pofién pegmatite (U2X-400: 424.3 ppm; Table 1).

Bismuth. Samples from intrusive rocks and pegmatites have mean values (0.27
ppm and 0.55 ppm, respectively; Table 3) higher than the global mean range
(0.01 - 0.04 ppm; Table 3). The highest value is observed close to the placer 3
(TN-1: 1.9 ppm; Table 1), for intrusive rock samples, and close to the placer 8
(U2X-400: 5.1 ppm; Table 1), for samples from pegmatites.

Gold. The mean value for samples from intrusive rocks (2.16 ppb; Table 3) is
below the global mean range (3.2 - 4.5 ppb; Table 3); however, local Au contents
above this range are observed in the proximities of the placers 1, 5 and 13
(QC-1C: 7.5 ppb; P-1: 7.8 ppb and CP-1: 5.1 ppb, respectively; Table 1). The
mean value for samples from pegmatites (52.58 ppb; Table 3) is considerably
higher than the global range, where the highest value can be found in the Pofién
pegmatite (U2X-400: 756.7 ppb; Table 1).
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Table 3. Geochemical results of rock chip and concentrated sediment samples from the study area.

Element (ppm) N Range (a) Mean value (b) Standard Deviation Global mean values (c)

Intrusive rocks, South Coastal Batholith

Mo 13 bd-1 0.28 0.26 1.0-1.5
Cu 13 0.4-11.8 3.65 3.41 30-72
Pb 13 0.6 - 30.1 14.43 8.77 4-15
Zn 13 bd-86 28.26 25.16 60 - 94
Ni 13 0.5-8.9 2.37 2.39 4.5-15
As 13 0.5-6.3 3.15 2.06 1.5-2.0
Bi 13 bd-1.9 0.27 0.48 0.01-0.04
Au (e) 13 bd-7.8 2.16 2.68 32-45

Pegmatites, South Coastal Batholith

Mo 15 bd-1.8 0.49 0.42
Cu (d) 14 1-ad 18.85 54.42
Pb 15 4.2 - 802.9 106.54 235.18
Zn 15 bd-9,522 666.3 2367.13
Ni 15 0.4-1194 9.08 29.48
As 15 0.7 - 424.3 31.5 105.02
Bi 15 bd-5.1 0.55 1.26
Au (e) 15 bd-756.7 52.58 188.28
Sediments
Cu 20 6-131 30 29.21
Zn 20 9-68 26.7 15.11
As 20 0.018 - 0.353 0.07 0.08
Au 20 bd-23.86 1.98 5.47

(a) bd: below detection limit, ad: above upper detection limit. Elements with 250% of values below detection limit are excluded (in Table 1 and Table 2). (b)
Mean values were calculated including values below detection limit, considering those as half the detection limit. (c) Global mean value ranges were com-
piled from the following references: [58] [59] [60] [61]. (d) One analysis above upper detection limit is excluded (sample U5-500: > 10,000 ppm; Table 1).
(e) In ppb.

Additionally to the intrusive rocks and pegmatites, high concentrations of Au
and As were locally detected in quartz veins close to the Quilacoya placer (Q-1:

40.9 ppb and 20.9 ppm, respectively; Table 1).

4.2.2. Sediments
Copper. Most sediment samples (15; Table 2) have Cu contents below the mean
value (30 ppm; Table 3). Concentrations above the mean value are observed in
sediments from the placers 1, 2, 3, 10, 13 and 16 (samples 32-(3a), 24-(3a),
21-(3a), 10-(5a), 10-(3a) and 2-(12a), respectively; Table 2). The highest value is
detected in the sample 24-(3a) (131 ppm; Table 2).

Lead. Most samples (16; Table 2) have Pb contents below the detection limit;
therefore, these results are not presented in the Table 3. Concentrations above
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the detection limit are observed in sediments from the placers 1, 3, 5 and 8
(samples 32-(3a), 21-(3a), 16-(3a) and 12-(1a), respectively; Table 2). The high-
est value is detected in the sample 21-(3a) (18 ppm; Table 2).

Zinc. Half of these deposits studied have Zn contents above the mean value
(26.7 ppm; Table 3), which is similar to the copper mean value (Table 3). Con-
centrations above the mean value are observed in sediments from the placers 3,
8, 10, 11, 12, 13, 14 and 16 (samples 21-(3a), 12-(1a), 10-(5a), 10-(7a), 10-(1a),
10-(3a), 7-(5a) and 2-(12a), respectively; Table 2). The highest value is detected
in the sample 10-(3a) (68 ppm; Table 2).

Arsenic. Concentrations of this element are considerably lower than the oth-
ers (mean value: 0.07 ppm; Table 3). Concentrations above the mean value are
observed in sediments from the placers 4 {4-(7a)}, 8 {4-(9a), 12-(1a)}, 9 {4-(14a)}
and 10 {10-(5a)} (Table 2). The highest value is detected in the sample 4-(9a)
(0.353 ppm; Table 2).

Silver. Most sediment samples (17; Table 2) have Ag contents below the de-
tection limit; therefore, these results are not presented in the Table 3. Concen-
trations above the detection limit are observed in sediments from the placers 3, 8
and 16 (samples 21-(3a), 12-(1a) and 2-(12a), respectively; Table 2). The highest
value is detected in the sample 2-(12a) (8.14 ppm; Table 2).

Gold. Most samples have Au contents above the detection limit (17; Table 2),
three of them are considerably higher than the mean value (1.98 ppm; Table 3)
and are observed in the placers 3 {21-(3a)} and 8 {4-(9a), 12-(1a)} (Table 2). The
highest value is detected in the sample 12-(1a) (23.86 ppm; Table 2).

5. Discussion: Potential Areas for Gold Placer Deposits

In south-central Chile, the most relevant factors that can affect the sediment
mobilization dynamics in the drainage basins are: precipitations, water flow, ve-
getation cover, geomorphology and tectonic environment (e.g., [48] [49] [50]).
Due to the tectonic conditions dating back to the Pliocene, the area where the
basins of Andalién and BioBio rivers are located have been subject to an impor-
tant uplift [32] [31] at average rates of 0.2 mm/yr [19], producing disequilibrium
profiles [30] and rapid incision along the rivers (rates of 0.43 mm/yr; [51]);
therefore, in these basins a high erosion rate would be expected [52]. In the
study area, decadal erosion rates have been estimated from suspended sediments
of the BioBio river basin, which were low (0.03 - 0.08 mm/yr; [52]). However,
the data currently available, obtained by surficial sampling (e.g., [53] [54] [52]),
does not allow to estimate the bed load and to calculate the ratio between sus-
pended sediment concentration and total sedimentary load; therefore, the ero-
sion rates were underestimated. In the BioBio basin, most erosion processes are
focused on high frequency-medium magnitude events (e.g., storms or heavy
rainfall), whereas low frequency-high magnitude events (e.g., earthquakes) do
not alter the sedimentary flow considerably [54]. It has been observed that the

suspended sediments are mobilized during heavy rainfall, always under condi-
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tions of low percentage of green vegetation cover [52], whereas after an earth-
quake (e.g., the M,, 8.8 Maule earthquake, 27 February 2010) the mobilization of
sediments depend mainly on the slope (average of 12°) and on connectivity be-
tween hillslopes and rivers [52].

The normal water flow in the studied basins can be interrupted by flood
events, mainly due to heavy rainfall during the winter months [37], and as a
consequence, gold extraction has been made during these months or after heavy
rains in past centuries, for example in the Hualqui and Quilacoya placers [11].
These weather conditions probably have produced constant recycling of sedi-
ments with detrital gold from the hillslopes to the modern streams (ie., gold
from pre-existing placers; [55] [56]). In addition, although the basement
presents discontinuous outcrops, in most of the studied basins this is located a
few meters underneath the surface [57], allowing that some gold occurrences

would be exposed to the erosion by flooding from watercourses (Figure 7).

Legend
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Figure 7. Au and Ag contents from geochemical results. (a) Distribution of Au and Ag in fluvial sediments
from the Andalién basin. (b) Relationship between Au and Ag contents in fluvial sediments from the BioBio
basin and geological units. (c) Detail of the Poiién placer, showing the relationship between the Pofién peg-
matite and sediments with Au and Ag contents (box in (a)). (a) and (b) show the digital elevation model in
the background and information on seasonality of the rain. MB: Metamorphic Basement; SCB: South Coastal
Batholith; SJ: Santa Juana Formation.
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Geochemical analyses of rock samples reveal that the mean values of pegma-
tites are higher than those of the intrusive rocks, and in certain cases (Pb, Zn, As,
Bi and Au) markedly above the global mean range (Table 3), such is the case of
the Pofién pegmatite (Figure 7(a) and Figure 7(c)). Considering that this body
is occasionally eroded by the flooding of the adjacent river, the gold from its
outcrop is likely to have fed, at least partially, the nearby placer. Farther south, in
the BioBio basin, quartz veins close to the Quilacoya placer show high Au and
As contents (Table 1), which makes it likely for this placer deposit to contain
gold derived from the erosion of the aforementioned veins by the adjacent river
(Figure 7(b)). Then, part of the liberated particles from these occurrences was
probably subjected to a short transport.

Given that the uplift, exhumation and erosion processes have affected the
Coastal Range of south-central Chile from the Pliocene to the present (e.g.,
[53]), it is probably that the recycling of gold from pre-existing placer deposits
to the modern rivers had provided more auriferous sediments than the occa-
sional erosion of the basement. Some geoforms constitute temporary sedi-
mentary deposits in the studied fluvial systems (e.g., alluvial fans, flood plains,
terraces and bars); however, heavy rainfall and persistent uplift in this region
of the country would impede the conservation of large accumulations of auri-
ferous sediments.

During the Pliocene and Pleistocene, the Concepcioén area would have been
affected by tectonic phenomena that gave origin to faults with block displace-
ments, which in turn, resulted in a normal fault system with NE preferential
orientation (Figure 8) that continues to be active [62] [63]. Such faults limited
uplifted blocks that currently form hills between Concepcién and Talcahuano
and grabens filled with sediments (Figure 9(a) and Figure 9(b)).

These depressions or structural traps (e.g., New Zeland; [65] and their refer-
ences) have been subject to differential uplift along the faults on its limits, caus-
ing erosion of the basement and sediments from hillslopes. Therefore, they not
only could have received auriferous sediments transported by the BioBio and
Andalién rivers but also gold from possibles occurrences in the basement and
pre-existing placer deposits.

The area covered by these depressions (Figure 8) and the thickness of its se-
diments (up to 170 m; Figure 9(a)), allow to affirm that they were favorable
places for the accumulation and conservation of large volumes of sediments
[66], which would be potentially auriferous considering that the stream sedi-
ments from the BioBio and Andalién basins have detrital gold that could have
been accumulated within them, possibly since the Pliocene. Then, these struc-
tural traps would be potentially attractive as exploration targets in the study

area.

6. Conclusions

Through geochemical analyses this research was able to identify the auriferous
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Figure 8. Location of zones potentially favorable for the exploration of auriferous placers. (A) Surface geology of Concepcién area
(modified from [35] [34] [64]). (a) System of faults and hills that limit the area of interest for the exploration of gold placers. Sec-
tions along the lines AA’ (Figure 9(a)) and BB’ (Figure 9(b)) are also shown.

potential of fluvial placers formed by active sediments in Andalien’s basin (Au:
Puente 6, Confluencia; Au + Ag: Puente 5, Poién) and Biobio’s lower basin (Au:
Hualqui; Ag = Au: Quilacoya). Moreover, auriferous occurrences are observed in
the basement, one of them in the South Coastal Batholith (Pofién pegmatite) and
the other one in the contact zone between the latter and sedimentary rocks of the
Santa Juana Formation (quartz veins in Quilacoya).

There are zones within the studied basins with placer exploration potential
due to their tectonic and structural conditions that favor the accumulation of
auriferous sediments from nearby valleys. These are structurally controlled de-
pressions in the area of Concepcién which have received large amounts of sedi-
ments (reaching up to 170 m-thick). Therefore, the exploration of placers in the
Coastal Range of south-central Chile should consider drainage systems that have
been subject to tectonic and structural processes which are similar to those reg-
istered in the Andalién and BioBio rivers, thus allowing the development of de-

pressions filled with sediments from auriferous valleys.
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Figure 9. Geological sections in zones potentially favorable for the exploration of auriferous placers. Sections AA’ and BB’ show
the dimensions (horizontally and vertically) of the structural depressions in the area of Concepcidn, type of filling, structures and
simplified geology of the basement. Both sections were obtained through gravimetric data (modified from [35] [62] [67] [63] [66]
(64]).
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