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Abstract

The preferential concentration of metals into finer size fractions (<19 mm) during breakage
can be exploited for early rejection of low-grade material, reducing non-ore processing
and improving energy and water efficiency. The Cooperative Research Centre for Opti-
mising Resource Extraction (CRC ORE) established a testing regime and developed the
Response Ranking (RR) factor to compare fractionation behavior across deposits. RR values
range from 200 to negative, with higher values indicating breakage patterns favorable for
ore liberation. This study evaluates geological parameters controlling rock breakage in
the Gramalote and Telfer West Dome deposits, both intrusion-related gold systems. For
this purpose, macroscopic description of drill core was carried out using the Anaconda
methodology, along with uncrushed run-of-mine (ROM) samples. In addition, petrophysi-
cal datasets including hardness, magnetic susceptibility, hyperspectral data, geochemistry,
and calculated mineralogy were used. These datasets were systematically compared with RR
values to investigate the relationship between geological attributes and grade-by-size fraction-
ation behavior. Geological description provides a practical basis to identify early separation
opportunities and model optimization potential through grade-by-size fractionation.

Keywords: grade engineering®; upgrade potential; response ranking; pre-concentration;
gold; vein; breakage

1. Introduction

The development of procedures to reject uneconomic material early in the mining

value chain will improve the efficiency of the mining industry, thus helping to meet the
W) Check for updates

demand for metals required in the technological advancement of modern societies [1,2]. The
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the San Cristébal mine in Bolivia, one of the largest Zn-Ag-Pb operations in the world. CRC
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achieving a ~2.7x upgrade factor for previously marginal “mineralized waste” halos [9].
This approach not only showed potential for extending mine life by up to two years but
also indicated energy savings of 15-20% in SAG milling when blended with conventional
feed. The successful implementation of Grade Engineering® at San Cristébal highlights
the practical potential of pre-concentration strategies to reduce processing costs, increase
resource utilization, and improve sustainability outcomes in large-scale base-metal mining.

CRC ORE supported Carrasco et al.’s (2015, 2016) research [8,11-13] and developed
a mathematical model that relates metal upgrade with the proportion of mass contained
in specific size fractions to describe preferential grade-by-size fractionation through an
upgrade factor called the Response Ranking (RR) [12]. This factor allows comparison of
grade-by-size fractionation across different styles of geological deposits (e.g., stock-work
vein hosted, breccia, porphyries, etc.), sample types and sizes (i.e., drill core and run-
of-mine (ROM)), as well as between deposits or domains within a deposit. RR values
decrease from 200 to negative values [10,11,14]. A RR above 80 shows potential for grade-
by-size fractionation that could be used to upgrade the ore stream via screening to separate
the preferred size fractions, i.e., the size fraction that contains a significant portion of
the valuable phase. A RR from 80 to 20 indicates that the material may be suitable for
Grade Engineering® if sizing is supplemented by other methods, such as differential
blasting. A RR 20 to 0 means that the material is unsuitable for upgrading by sizing [11,12].
A negative RR generally indicates that the metal reports to the coarse fraction during
crushing [14].

More recently, Morales Leiva (2022) [10] showed that geological attributes such as
vein density, mineralization style, and hardness contrasts are strong predictors of high
RR values, while homogeneous lithologies exhibit weaker responses. Similarly, Baizhiyen
et al. (2024) [15] applied discrete element modeling (DEM) to simulate rock breakage,
demonstrating that textural heterogeneity and mineralized veins favor metal concentration
in finer fractions, confirming the potential of preferential grade deportment by size to be
predicted numerically.

Additionally, previous work demonstrated that samples from the Gramalote and
Telfer West Dome (WD) intrusion-related gold systems, were highly amenable to the
implementation of grade-by-size screening to upgrade the ore [8,16-18]. Therefore, samples
and data from these deposits have been used to understand the geological controls on grade-
by-size fractionation, and the results are summarized in this paper. Detailed descriptions
are presented in Guerrero [19].

2. Analytical Methods
2.1. Macroscopic Rock Description

A total of 110 m of drill core from Gramalote and 104 m from Telfer WD were described
using the Anaconda method [20,21] with an observation scale of 0.5 m for Gramalote
samples and 0.25 m for Telfer WD samples. Drill core intervals observations took note
of: (1) rock type, (2) hydrothermal alteration assemblages, (3) percentage of least-altered
rock (LAR), (4) different sets of veins, and (5) number of veins and the percentage or vein
density (vein + selvage was described as a single texture). Note that the designation LAR is
a relative term and is based on an altered tonalite host rock.

Additionally, five uncrushed ROM bulk samples were collected from the Gramalote
deposit directly after blasting, without any additional crushing. Each sample was screened
into ten different size-fractions, >200 mm, 200-175 mm, 175-150 mm, 150-106 mm,
106-75 mm, 75-53 mm, 53-37.5 mm, 37.5-26.5 mm, 26.5-19 mm and <19 mm. Visual
logging of the bulk sample size fractions >19 mm was used to identify the same features
as those seen in the drill core samples, such as the characteristic color of dominant miner-
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als (e.g., pink K-feldspar). The size fraction <19 mm was not macroscopically described
because particles were considered too small for reliable visual classification.

All ROM samples described were manually washed and visually separated into
six groups (Table 1), with most of the rock pieces having a low presence of veins. To be
classified as vein-type (V1, V2, V3, QV, Q), it was decided that the rock pieces must have
more than 20% vein material, or the vein must cut the rock in the center of the sample piece.

Table 1. Classification groups used for bulk samples at Gramalote.

Type Mineral Assemblage Color and Textural Feature
Vi1 Qtz—K feldspar Pink-white
V2 Qtz-Py-K feldspar selvage Pink-brass metallic-white
V3 Qtz—Cb-Py-White mica selvage = Gray-white
LAR Plg-Qtz-Bt Black/white
Qv Qtz—Py White—fine brass metallic mineral
Q Quartz Black massive-white massive

1 Abbreviations: Bt = biotite, Cb = carbonate (mostly calcite), Qtz = quartz, Plg = plagioclase, Py = pyrite, LAR =
least altered rock.

2.2. Petrophysical and Hyperspectral Analyses

Gramalote rocks contain visible disseminated magnetite; for that reason, magnetic
susceptibility was measured. Site personnel carried out measurements using a KT-9 MAGSUS
device [22] along every 20 cm of core. The Telfer WD samples did not give a magnetic response.

Analysis of the magnetic susceptibility of each sample permitted the discrimination
between the least-altered rock (LAR) and altered rock with veins groupings. LAR is readily
identifiable by its high magnetic susceptibility values (>6 x10~3 SI) and is classified as
‘LAR texture’ in the remainder of this study. Tonalite with thin veins (<2 cm) has medium
magnetic susceptibility values (between 3 x 1073 and 6 x 1073 SI) and is thus classified as
‘vein + LAR texture’. Altered rock with thick (>2 cm) veins has low magnetic susceptibility
values (<3 x 1072 SI) and is classified as ‘vein texture’. In addition to these textural
groupings, the number of spaces between domains was also recorded (Figure 1). The
number of spaces refers to the number of intervals between a specific type of vein texture
in a 1 m sample; for example, in Figure 1, 11 spaces were recognized in the 1 m sample
between intervals categorized as ‘vein texture” and 10 spaces between intervals categorized
as ‘vein + LAR texture’.

Rebound hardness information was collected directly from the drill core intervals
using an EQUOtip portable electronically controlled device [23]. Point measurements were
taken on the previously identified textures, to better understand the different hardness
of each texture. Those measurements were integrated with an EQUOtip dataset collected
previously from Gramalote by CRC ORE which were taken approximately every 2 cm [24].
The spaces void of EQUOtip data are due to sampling issues around cracks, faults, or thin
drill core pieces. Rebound hardness data, collected approximately every 2 cm from drill core,
and averaged every meter for Telfer WD was provided by the project sponsor. Additionally,
the project sponsor supplied density measurements for each meter of drill core.

Hyperspectral data were collected from 104 m of drill core from Telfer WD using the
HyLogger-3 system at Mineral Resources Tasmania (MRT). This system scans a profile line
centered on the drill core with a field of view on the sample of 10 mm. The system operates
one high-resolution camera and three coupled spectrometers to map the relative abundance
of an extensive suite of minerals within the VNIR-SWIR (visible to near-infrared-shortwave
infrared) and TIR (thermal infrared) region of the electromagnetic spectrum [25]. These
data were interpreted with The Spectral Geologist (TSGTM 8) software with the help of
MRT staff.
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Figure 1. Example of the methodology to determine spaces between textures based on magnetic
susceptibility response.

2.3. Geochemistry

For Gramalote, 100 drill core assay reject samples of an intrusive-hosted ore (from a
tonalite rock) were sieved into four size fractions (>1.70 mm, 1.7-0.3 mm, 0.3-0.15 mm,
<0.15 mm) [12]. Both chemical analyses and the mass of each size fraction were obtained
via Australian Laboratory Services (ALS) and used to calculate a RR for each sample
(Gustavson Associates, 2014). Gold was analyzed via fire assay with atomic absorption
spectroscopy (AAS) and fire assay fusion (ALS procedure Au-AA25; ALS, 2023). Other
elements were analyzed via inductively coupled plasma-mass spectrometry—ICP-MS
(ALS procedure Au ME-MS61).

Samples from 10 drill holes from Telfer WD were selected, with sampling intervals
between 1 and 2 m, resulting in a combined length of 104 m of half drill core. Geochemical
analyses were conducted for 53 drill core samples, where each sample was subsampled
into four different size fractions (>2.36, 2.36-1.7, 1.7-0.6, <0.6 mm) [10]. Gold was analyzed
by fire assay with AAS (ALS procedure Au-AA25) and multi-element analyses by XRF + Li
borate ICP-MS + base metals + trace metals + total S + total C (ALS procedure CCP-PKG03)
at ALS [26].

Note: the Telfer samples were size-fractioned following CRCORE'’s standard drill-
core protocol [11]. Because the Telfer material was available only in limited quantity, the
Gramalote-specific sizing scheme [14] could not be applied, resulting in different particle-
size intervals between the two datasets.

2.4. Mineral Composition by Calculated Mineralogy

Modal mineralogy for the Gramalote samples was estimated using the chemical assays
and a weighted least squares (WLSQ) approach with the “Solver” analysis tool in Microsoft
Excel software following the methods described in Escolme et al. (2019) [27]. The assay
data does not contain silica; hence this element was not available for the calculation of
mineralogy. It was assumed that the percentage of silica corresponds to the remaining per-
centage of the elements used for the calculation, subtracted from 100%. The mineralogical
calculation was performed on 100 samples of drill core and 400 samples of size fractions
from the Gramalote deposit.
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Modal mineralogy was calculated only for Gramalote due to its diverse mineral
assemblages and balanced host-rock composition. The Telfer samples, dominated by quartz-
rich sedimentary rocks and quartz veins, lacked sufficient mineralogical variability for
meaningful modal reconstruction. Additionally, the four-acid digestion procedure used
does not dissolve quartz; in Telfer, the undissolved fraction was dominated by quartz,
making modal estimation unreliable.

2.5. Calculation of Response Ranking Values and Validation

The RR is calculated using Equations (1)—(3) [12,14]. For these calculations, two factors
are determined for each size fraction (i) in each sample: the response factor (RF) and
response slope (RS). The average RS value for the sample is then calculated and multiplied
by a factor of 200 to obtain the RR.

% metal
RE = % mass retained M
B —In(RF;)
RS = In(% mass retained) @
RR = (2(55)) 200 3)

where i are individual size fractions, % metal represents the cumulative metal distribution
in the size fraction, % mass retained is the cumulative mass retained in the size fraction, and
n is the number of size fractions in the sample.

3. Geological Parameters
3.1. Gramalote Deposit

The Gramalote deposit is an intrusive related gold system hosted in the Late Creta-
ceous (50.2 = 1.2 to 88.5 & 0.6 My) Antioquia Batholith, located in the northern portion
of the Central Cordillera of Colombia [28,29]. The Antioquia Batholith is located between
two important regional fault systems: San Jeronimo (to the west) and Ott-Pericos (to the
east) [28,30,31]. These regional structures are linked by ‘horse tail” regional extensional
structures like the Nus River Lineaments to the north of Gramalote, and the Cristales Shear
Zone to the south [29], which controls the occurrence and distribution of hydrothermal
alteration and mineralization [32].

The deposit host rock is a hard intrusive rock classified as tonalite, as shown in Figure 2,
which comprises 50% quartz, 40% plagioclase, less than 10% orthoclase and <3% biotite.
Mineralization and hydrothermal alteration are structurally controlled associated with
veins and alteration selvages around these veins.

Figure 2 shows a summary of the main characteristics of the different vein assemblages
identified in the drill core used for this study. These are (a) “V1’, which vary in thickness
from 0.1 to 10 cm and are characterized by K-feldspar and quartz without sulfides; (b) ‘'V2’,
which vary in thickness from 0.5 to 2 cm and consist mainly of quartz and pyrite; V2 veins
have an alteration selvage of K-feldspar; (c) V3’ are irregular-edged quartz veins, approxi-
mately 0.5 to 3 cm thick, with an alteration selvage of white mica; V3 veins contain pyrite
in the vein and disseminated into the selvages; and (d) late veins of chlorite, carbonates, or
massive pyrite. For full details, see Guerrero (2022) [19].
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Figure 2. Summary description of host rock and the different vein types in the Gramalote deposit.

Mineralization is associated with V2 and V3 veins, according to drill core logging
and geochemical analyses (Figure 3A). This interpretation is supported by the observed
geochemical trends, where gold concentrations increase with potassium content, indicative
of K-feldspar- and muscovite-bearing veins typical of V2 and V3. Conversely, the negative
correlation between gold and sodium (related to unaltered plagioclase) suggests an associa-
tion between gold and altered zones. Additionally, the positive correlation between gold
and sulfur suggests a close spatial relationship with pyrite, a key sulfide mineral present in
these mineralized veins.

Magnetic susceptibility response permitted the discrimination of LAR and altered
rock with veins and was used to rapidly identify textures in the drill core (Figure 3B) as
described in the analytical methods. The rebound hardness (Ls) of each textural grouping
overlaps to a large extent. However, Figure 3C shows that the relative average hardness
values for the LAR group are 800 Ls (n = 45; highest rock competency), followed by V2
veins at 770 Ls (n = 93) and V3 veins at 740 Ls (n = 110).
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Figure 3. Gramalote geological properties. (A) Geochemical plots showing relationships between
Au and Na, K and S. (B) Natural population breaks in magnetic susceptibility data, used to identify
textures. (C) Rebound hardness data of point measurements showing differences in hardness for
each texture. Note: numbers inside or outside (B) each box indicate the number of samples used to
calculate the statistics. The plots are used to visualize relative differences between groups.

3.2. Telfer West Dome Deposit

The Telfer WD deposit is also an intrusive related Au system. It is located in the Great
Sandy Desert of Western Australia [33-37]. The host rocks comprise two main interbedded
lithologies, quartz-rich sandstone and siltstone (Figure 4). The drill core intervals have been
classified based on the relative proportions of each lithology in a 2 m interval: (1) sandstone
(20 samples), when >75% of the total rock length in the interval is sandstone, (2) sandstone
> siltstone (29 samples) when the percentage of sandstone is 50-75% of the total interval
length; and (3) sandstone + siltstone (4 samples) when the portion of siltstone is 50% of the
total interval length.

The Telfer WD deposit is characterized, in general, by pyrite-bearing quartz veins,
which are millimeter- to meter-sized in thickness and locally present vuggy textures.
Figure 4 shows the different types of veins identified in the drill core for this project,
where four vein events were identified based on cross-cutting relationships.

The gold mineralization is associated with pyrite, disseminated in the host rocks
and quartz veins. Figure 5A shows the high correlation between gold assays and pyrite
percentage estimates. The rebound hardness (Figure 5B) and rock density data (Figure 5C)
show that, in general, the higher the sandstone content in the sample, the harder and denser
the rock.
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Figure 4. Description of the host rock and different vein types in the Telfer WD deposit drill
core samples. The veins are described in apparent time order, from oldest (V1) to youngest (V8).
Abbreviations: Qtz—quartz, Py—pyrite, Cpy—chalcopyrite, Cct—chalcocite.
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Figure 5. Telfer WD geological properties. (A) Au assay for interval vs. Logged pyrite content.
(B) The drill core samples’ rebound hardness. (C) The drill core samples’ density data. (D) Quartz
abundance measured from hyperspectral thermal infrared data. (E) Muscovite abundance measured
from hyperspectral thermal infrared data. (F) Kaolinite, well-crystallized abundance measured
from hyperspectral shortwave infrared data. Note: numbers inside or outside each box indicate the
number of samples used to calculate the statistics. The plots are used to visualize relative differences
between groups.

The hyperspectral data indicates the host rocks have a high percentage of silica,
as reflected in their high quartz content (Figure 5D), which increases with increasing
sandstone-component. In addition, the host rock matrix contains phyllosilicates such
as white mica (muscovite; Figure 5E) and clay (kaolinite; Figure 5F), as identified in the
SWIR and TIR data. Additionally, when the rock contains more siltstone, it shows a higher
muscovite content.

4. Analysis of Gold Response Ranking

RR Au values do not directly correlate with gold assay values in either of the deposits
(Figure 6A); while Figure 6B shows the characteristics of each group. The RR Au >80 group
shows how Au increases as particle size decreases; gold preconcentrates towards the finest
particles, where taking only 30% of the finest material would almost double the grade.
The 80-20 group has intermediate particle sizes that preconcentrate gold. The 20-0 group
does not show direct preconcentration, nor is the material preconcentrated. Finally, the
group with negative RR values also does not show preconcentration of the material, and in
some cases, gold preconcentrates toward the coarser particles. Because there is no direct
correlation between RR and gold, integrating geological, geochemical, and petrophysical
data is necessary to understand RR Au behavior for each deposit.

https:/ /doi.org/10.3390/ geosciences16010002


https://doi.org/10.3390/geosciences16010002

Geosciences 2026, 16, 2

10 of 24

GRAMALOTE TELFER WD
200
L]
o4 .
’. * o * 100 .:": .‘ ok .
° < [Y 2‘% ...o .
i . 0{e® ©® o° ® .
(] ° [ ]
[ ) e
o o
-100 -100 °
° L]
-200 -200
0 05 1 15 2 25 0 05 1 15 2 25 35
Au (g/ton) Au (g/ton)

0.60

o
&

4
N
S

100%

Au grade (g/ton)

0.00

® RRAuS80-20

0.40

0.30

0.20

0.10

Au grade (g/ton)

0.00

® RRAu20-0
0.40

0.30

0.20

0.10

Au grade (g/ton)

0.00

@ RR Au negative
0.40

0.30

0.20

0.10

Au grade (g/ton)

0.00
Feed Grade  >1.70 17-03  03-0.15 <0.15

Size fraction (mm)

30%

29%

FeedGrade — >2.4
Size fraction (mm)

2.4-17

1.7-0.6

Figure 6. Relationship between gold concentration and Response Ranking. (A) Scatter plot showing

the relationship between gold concentration and Response Ranking of Au for both deposits. No cor-

relation is observed. (B) Gold grade-by-size distribution separated into RR groups. White percentage

labels inside each histogram indicate the proportion of mass contained in each particle-size fraction.

4.1. Gramalote Data vs. Gold Response Ranking

The analysis of geochemical assays, calculated mineralogy, hardness, and magnetic

susceptibility data provides a good understanding of the behavior of RR Au, which was

compared with the geological characteristics of the drill core samples available for Gra-
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malote (Figure 7). The RR Au values have been divided into four classes (>80; 80-20; 20-0;
negative), as described in the introduction. The characteristics of each class are described

below, and Table 2 summarizes the main characteristics of each RR Au class.
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Figure 7. Geological and petrophysical data from Gramalote samples compared to Response Ranking

Au classes. (A) Representative drill core intervals (n = 4) arranged by RR Au classes, based on detailed
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geological logging. (B) Comparison of RR Au classes with corresponding geochemical and mineralog-
ical data. (C) Petrophysical properties (e.g., magnetic susceptibility, rebound hardness) of Gramalote
samples relative to RR Au. (D) Relationship between vein distribution and textural domains defined
by magnetic susceptibility (described in Section 2.2). Magnetic susceptibility values were used to
classify intervals into textural domains (LAR, vein + LAR, vein), which allowed mapping how vein
frequency and spacing varied among these domains. Note: numbers within boxes indicate the
number of samples analyzed for each dataset. The plots are used to visualize relative differences
between groups.

Table 2. Principal features of RR Au classes for Gramalote and Telfer WD deposit samples.

RR Au Class Geological Parameter Gramalote Telfer WD
>80 Lithology Tonalite Sandstone
Hardness Hard (~796 Ls) Hard (~760 Ls)
Vein type V2>V3 Quartz Pyrite
Vein pct High (50% to 70%) Low (~7%) Low (~1%)
Vein numbers - High (>23) Low (~1)
Spaces between veins High (~7) - -
Qtz vein thickness thin veins > thick veins thin veins >> thick veins thin
Ore minerals Py-medium (~1%), Cpy-low (~0.03%) Py-low (~8%)
Grade Au-low (~0.5g/ton) Au-low (~0.4 g/ton), Cu-low (~0.03%)
80-20 Lithology Tonalite Sandstone > siltstone
Hardness Medium (~761 Ls) Soft (~747 Ls) Hard to medium (~743 Ls)
Vein type V2>>V3 V3>V2 Quartz Pyrite
Vein pct High (>70%) High (~50%) High (>8%) Low (~2%)
Vein numbers - - Low (~17) Low (~2)
Spaces between veins Low (~6) High (~10) - -
Qtz vein thickness thin ve;'rs\li]‘;vglzh large thick veins > thin veins thick veins >> thin veins thin
. Py-high (~2%), Py-medium (~0.8%), . o
Ore minerals pr-r}rllediguni (~o.)04%) Cpy-low (~(o.02%)) Py-high (=13%)
Grade Au-low (~0.5 g/ton) Au-low (~0.6 g/ton) Au-high (~0.8 g/ton), Cu-low (~0.08%)
20-0 Lithology Tonalite Sandstone + siltstone

Hardness Medium (~765 Ls) Medium to soft (~721 Ls)
Vein type V3>V2 Quartz Pyrite
Vein pct Low (<30%) Low (~8%) Low (~2%)
Vein numbers - Low (~16) Low (~1)
Spaces between veins Low (~4) - -
Qtz vein thickness thin veins > thick veins thin veins > thick veins thick
Ore minerals Py-low (~0.4%), Cpy-low (~0.02%) Py-low (~6%)
Grade Au-low (~0.4 g/ton) Au-high (~0.6 g/ton), Cu-high (~0.4%)

negative Lithology Tonalite sandstone, sandstone > siltstone
Hardness Hard (~798 Ls) Low (~686 Ls)
Vein type V2>V3 Quartz Pyrite
Vein pet High (40% to 70%) High (>11%) High (>3%)
Vein numbers - Low (~15) High (>4)
Spaces between veins Low (~4) - -
Qtz vein thickness thick veins >> thin veins thick veins >> thin veins thin to thick
Ore minerals Py-high (>2%), Cpy-high (>0.13%) Py-high (>11%)
Grade Au-high (~3.12 g/ton) Au-high (~0.7 g/ton), Cu-high (~0.2%)

1 Abbreviations: Qtz = quartz, pct = percentage, Py = pyrite, Cpy = chalcopyrite, Au = gold, Cu = cooper,
Ls = Leeb scale.

4.1.1. RR Au >80

This class is characterized by hard host rocks, i.e., least altered intrusive rocks (LAR,
Figure 7A). Mineralogically, the rock has high quartz (~30.20%) and plagioclase (~41.13%)
contents, along with minor magnetite (~0.26%) (Figure 7B). Potassic feldspar is moderately
present (~12.13%), while muscovite is relatively abundant (~5.97%), indicating the presence
of both V2 (K-feldspar-rich) and V3 (muscovite-rich) veins (Figure 7B). Pyrite occurs in
intermediate amounts (~1%), with low chalcopyrite content (~0.03%). As gold is primarily
associated with pyrite, the overall gold grade is low (~0.5 g/ton; Figure 7B).

The rock exhibits high rebound hardness (~796 Ls) and intermediate magnetic suscep-
tibility (~4 x 10> SI; Figure 7C). Vein distribution is extensive, with samples containing
an average of ~5 intervals with thick veins (Figure 7D: “Vein’) and ~7 intervals with thin
veins (Figure 7D: ‘Vein + LAR’), resulting in moderate overall vein material content (~42%
from intervals with thick veins and ~30% from intervals with thin veins). Veins are well
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distributed along the drill core intervals (Figure 7A: veins throughout all intervals), as
supported by the high number of spacing transitions between vein textures (Figure 7D).

4.1.2. RR Au 80 to 20
This class is subdivided into two subclasses:
e Subclass 1:

Characterized by an increase in V2 veins (Figure 7A: GRDD-043), reflected in elevated
potassium levels (~23%). These veins are rich in pyrite (~2%) and contain intermediate
levels of chalcopyrite (~0.04%; Figure 7B). Gold mineralization remains low (~0.5 g/ton)
despite the presence of V2 veins and high pyrite content, which are typically associated
with mineralized zones. This suggests that the V2 veins in this case contain more K-feldspar
selvage than quartz mineralized vein material.

A decrease in V3 vein abundance results in lower muscovite content (~2.3%). The
intense alteration is associated with a reduction in magnetite (not detected; magnetic
susceptibility ~0.75 x 10~° SI; Figure 7C) and plagioclase (~37.48%). Quartz (~26.3%) and
plagioclase contents are intermediate, contributing to an overall intermediate hardness
(~761 Ls; Figure 7C). The V2 veins form an extensive stockwork concentrated in specific
core sections, as illustrated in the GRDD-043 schematic (Figure 7A). Vein distribution is also
reflected in Figure 7D, where thick veins represent a high proportion of intervals (~90% of
the “vein’ category), with low spacing between them (~6 intervals; Figure 7D).

e  Subclass 2:

This class is characterized by an increase in V3 veins, as indicated by the elevated
muscovite content (~9.18%; Figure 7B). Gold content remains low (~0.6 g/ton), likely due
to the limited gold associated with V3 veins. These veins contain less pyrite (~0.8%) and
contain low levels of chalcopyrite (~0.02%; Figure 7B). Rock hardness decreases (~747 Ls;
Figure 7C), likely reflecting the increased presence of muscovite, a relatively soft mineral
(2.5 on the Mohs scale). Magnetic susceptibility is intermediate to high (~5.1 x 107> SI),
suggesting an increase in LAR. V3 veins are well-distributed throughout the section
(Figure 7A: GRDD-003), as reflected by the high spacing (~10 intervals) between thin
veins (Figure 7D). V2 veins are also present but occur as thin, evenly distributed structures
(Figure 7A: GRDD-003).

41.3.RRAu20to0

The 20 to 0 class is primarily characterized by a high proportion of unaltered rock,
as indicated by elevated plagioclase (~51%) and magnetite (~0.51%) contents, along with
higher magnetic susceptibility (~7.34 x 10~ SI; Figure 7A). The rock exhibits intermediate
hardness (~765 Ls), consistent with its tonalitic composition (Figure 7C). Gold, pyrite and
chalcopyrite contents are low (~0.4 g/ton, ~0.4%, ~0.02%, respectively), reflecting limited
mineralization (Figure 7B). The few veins observed are predominantly muscovite-rich (V3;
Figure 7A: GR08-088) and are sparsely distributed. This is supported by Figure 7D, which
shows a low number (<30%) of vein intervals and minimal spacing (~4) between both thick
and thin veins.

4.1.4. RR Au Negative

The negative class is characterized by high-grade zones with elevated gold (~3.12 g/ton),
pyrite (>2%), and chalcopyrite (>0.13%) content, indicating increased copper presence.
The rocks contain an intermediate to high amount of V2 veins, which are high-grade,
along with V3 veins that are medium to low-grade. This is supported by high potassium
(~14.65%) and muscovite (~7.7%) content. The rebound hardness is relatively high (~798 Ls)
due to increased quartz (~32%) veins, as depicted in Figure 7B,C. Magnetic susceptibility is
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intermediate (~4.96 x 10~° SI), indicating that some unaltered zones with good magnetic
properties remain. Figure 7D shows a high content of thick veins, but poor distribution
with low spacing (~4) between thick veins.

4.2. Gramalote Bulk Sample Data vs. Gold Response Ranking

As described in Section 2.1, the bulk samples were examined to understand the break-
age behavior of rocks from Gramalote deposit after blasting. These samples were collected
from an underground gallery, where the rock was previously sampled and analyzed for
its RR value. The samples from the uncrushed ROM correspond to the RR Au >80 class,
allowing for detailed observation of how rock breakage varies according to vein type,
thickness, and alteration intensity.

The primary veins identified are V2, composed of quartz with K-feldspar selvage, and
V3, composed of quartz with white mica selvage. The way of breakage depends on the
quartz vein thickness and the alteration intensity of the selvage. In high-grade zones with
thick quartz veins, the rock tends to break into large fragments dominated by quartz, using
the connection between microfractures that the quartz vein presents. It makes it difficult to
distinguish whether the vein was V2 or V3 (Figure 8).

Figure 8. Examples of ‘quartz’ category from Gramalote bulk sample. Although some fragments
show fine sulfides or iron-oxide staining, quartz is the dominant vein mineral.

In contrast, when the quartz vein is thin, the type and degree of alteration in the
selvage control the breakage behavior. In V2 veins with strong potassic alteration, K-
feldspar likely becomes the dominant plane of weakness due to its cleavage, leading to a
more sub-rounded fracture pattern and the entire rock fragment may display a pervasive
pinkish color, or the rock may break perpendicular to the vein selvage. However, if potassic
alteration is weak, the quartz vein itself acts as the main fracture plane, resulting in breakage
along the vein (Figure 9), and the selvage appears only along the edges of the fragments.
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Figure 9. Examples of V2 and V3 vein categories from Gramalote bulk sample.

In the case of V3 veins, if the selvage, composed of white mica, is well-developed or
pervasive, the rock breaks along the cleavage planes of the muscovite. These planes are
typically parallel to the quartz vein, resulting in disk-shaped rock fragments. Conversely,
when the muscovite alteration is weak, the quartz vein itself becomes the main plane of
weakness, leading to breakage along the vein (Figure 9), and the weak white mica selvage
appears only along the edges of the fragments.

4.3. Telfer West Dome Data vs. Gold Response Ranking

Telfer samples have been described in the same way as those for Gramalote, combining
the following data: geological logging (lithology, veining, mineralization), chemistry,
hyperspectral response, rebound hardness, and the density of the rocks. Despite Telfer
WD deposit being an intrusive-related system, the mineralization is hosted in sedimentary
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host rocks. This is in contrast to the Gramalote deposit, where mineralization is hosted in
the intrusive rock. Consequently, the RR classifications will incorporate this distinction
regarding the host rock. The data for each RR Au class are described below and summarized
in Table 2.

4.3.1. RR Au >80

The Telfer WD samples with RR >80 are characterized by a high sandstone content
(~90%), with minor interbedded siltstone (Figure 10A). The rocks are silicified and mechan-
ically competent, displaying high rebound hardness values (~760 Ls; Figure 10B). Low
aluminum oxide levels (~7.5%), and low kaolinite content (~0.06%) suggest the absence of
pervasive alteration that would otherwise weaken the rock. Pyrite content is intermediate
(~8%), while gold (~0.4 g/ton) and copper (~0.03%) grades are the lowest among all classes
(Figure 10A). Density is also intermediate (~2.65 g/cm3; Figure 10B), consistent with the
pyrite content. In terms of veining (Figure 10C), this class presents the highest number
of individual quartz veins (~23), but the total vein volume is low (~7%), indicating a fine,
dispersed veining style rather than thick, continuous structures. Pyrite-bearing veins are
also scarce, both in number (~1) and volume (~1%).

4.3.2. RR Au 80 to 20

The RR Au 80 to 20 class shares a similar lithological composition with the previous
RR Au >80 class, with sandstone still being the dominant rock type (Figure 10A). However,
a rise in kaolinite content (~0.12%; Figure 10A) indicates an increased degree of alteration.
This is reflected in the lower rebound hardness (~743 Ls; Figure 10B), suggesting a me-
chanically weaker rock compared to the >80 class. Mineralogically, pyrite content increases
(~13%), which correlates with a rise in gold grade (~0.8 g/ton), although copper remains
low (~0.08%) (Figure 10A). Interestingly, the overall rock density decreases (~2.62 g/ cm?;
Figure 10B) despite the higher pyrite content. This may be related to the increased presence
of clays, particularly kaolinite. In terms of veining (Figure 10C), although the number of
individual quartz veins decreases (~17), their total volume increases (~8%), suggesting
that the veins become thicker in this class. This change marks the beginning of a transition
toward coarser veining. Pyrite-bearing veins remain in a low range in terms of count (~2),
but their overall volume also increases slightly (~2%).

433.RRAu20to0

The RR Au 20 to 0 class is characterized by an increased siltstone content interbedded
with sandstone (~75%; Figure 10A). This lithological shift is reflected in elevated alu-
minum oxide values (~10.7%; Figure 10A), indicating a higher abundance of fine-grained,
aluminum-rich minerals such as clays commonly associated with siltstones. Neverthe-
less, overall alteration remains limited, as evidenced by the low kaolinite content (~0.01%;
Figure 10A). All this reflects a medium to low rebound hardness (~721 Ls; Figure 10B).
Pyrite content is in the intermediate to low range (~6%; Figure 10A), consistent with the
observed intermediate to low rock density (~2.6 g/cm?; Figure 10B). In terms of mineraliza-
tion (Figure 10A), gold content is moderate (~0.6 g/ton), while copper content is elevated
(~0.4%), suggesting a potential gold-copper association in a copper-enriched oxidized zone,
where chalcocite has been observed. With respect to veining (Figure 10C), this class exhibits
a relatively low number of individual quartz veins (~16) and low total quartz vein volume
(~8%), indicating sparse and thin veining. In contrast, pyrite-bearing veins are few (~1),
but account for a relatively high total volume (~2%), suggesting the presence of thick pyrite
veins localized in specific intervals.
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4.3.4. RR Au Negative

The negative class shares a similar lithological composition with higher-ranking
classes, comprising both sandstone and siltstone (Figure 10A). However, a notable in-
crease in kaolinite content (~0.4%) indicates more intense alteration within the siltstone
zones (Figure 10A). This alteration contributes to reduced rebound hardness (~686 Ls;
Figure 10B), as altered zones are more prone to fracturing and mechanical weakening.
Mineralogically, pyrite content increases (~11%; Figure 10A), correlating with higher rock
density (~2.7 g/cm3; Figure 10B). In terms of mineralization (Figure 10A), gold grades are
relatively high (~0.7 g/ton), while copper content remains low (~0.2%), suggesting that
gold is primarily associated with pyrite in this class. Regarding veining (Figure 10C), the
number of quartz veins is low (~15), but the total quartz volume is relatively high (~11%),
indicating the presence of thick quartz veins. Pyrite-bearing veins increase in both number
(~4) and volume (~3%), suggesting a mix of thin and thick pyrite-rich veins.
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Figure 10. Geological and petrophysical data from Telfer WD samples compared to Response Ranking
Au classes. (A) Relationships between RR Au with lithology, geochemistry, and SWIR hyperspectral
data (kaolinitewx). (B) Petrophysical data: rebound hardness and density data divided by RR Au
classes. Ls = rebound hardness data. (C) Relationships of quartz and pyrite veins divided by RR Au
classes. Note: numbers within boxes indicate the number of samples analyzed for each dataset. The
plots are used to visualize relative differences between groups.

5. Discussion: Geological Controls on Pre-Concentration Potential in
Gold Deposits

The following section is based on the role of each geological parameter related to the RR
Au behavior by class. This comparison aims to highlight similarities or differences between
the Gramalote and Telfer WD deposits, both of which are intrusive related gold system:s,
where the gold mineralization is related to veins and veinlets containing disseminated
sulfides (pyrite).

The host rocks are different across the two deposits. For example, the Gramalote de-
posit is hosted within an intrusive host rock (tonalite), being quasi-homogeneous through-
out the deposit. In contrast, Telfer WD is hosted within sedimentary rocks, i.e., a hetero-
geneous host rock, suggesting the rock may break differently. The intrusive host rock
from Gramalote is coherent (Figure 2) and presents high hardness (~800 Ls; Figure 3C). In
contrast, the sedimentary rocks from Telfer WD are less coherent (between 800 and 650 Ls)
and show planes of parting due to their bedding (Figure 4), especially in the siltstone and
interbedded siltstone—sandstone areas. However, the sedimentary rocks of Telfer WD also
contain meter-scale intervals of sandstone that are coherent and hard compared to the
interbedded siltstone—sandstone sequences.

Alteration at Gramalote is restricted to halos (selvages) surrounding the quartz veins,
which leads to contrasting hardness over short distances (1 cm). Two main alteration types
are identified: K-feldspar and white mica halos, which define the V2 and V3 vein types
described in Section 3.1. K-feldspar alteration is not expected to significantly affect rock
hardness, as K-feldspar has a similar hardness to the primary host minerals it replaces,
mainly plagioclase. Minerals in the feldspar group generally range from 6 to 6.5 on the Mohs
hardness scale [38], so the substitution does not markedly change rock competency. This is
supported by rebound hardness test results, which show high values (~790 Ls; Figure 3C)
close to LAR (~800 Ls). In contrast, white mica has a much lower hardness (<2.5 on the
Mohs scale), contributing to reduced rock competency, with average rebound hardness
values around ~725 Ls (Figure 3C). Quartz veins also influence hardness variation, given
quartz’s high hardness (7 on Mohs scale and ~800 Ls on rebound hardness), particularly
when the veins are thick.
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At Telfer WD, there are two types of alteration. The first type occurs when the rock
is silicified (especially in sandstones), thus increasing its hardness (hardness up to 900 Ls;
Figure 5B). The second is pervasive clay alteration, primarily affecting siltstones. This occurs
because muscovite and feldspar readily break down into clay minerals, while sandstone,
being predominantly composed of chemically stable quartz, is more resistant to alteration.
As a result, this second alteration type tends to soften the rock (~650 Ls; Figure 5B). Unlike
at Gramalote, where alteration is typically restricted to vein selvages, alteration at Telfer
WD often extends into the surrounding host rocks.

Samples with the best upgrade potential are those in the RR Au >80 class (as mentioned
in the introduction section). RR Au >80 class presents high rock hardness in both deposits
(Figures 7 and 10 and Table 2). In Gramalote, this could be due to the hardness of the
intrusive host rocks and a larger number of V2 (quartz vein + pyrite + K-feldspar selvage)
compared to V3 (quartz & carbonate vein + pyrite + white mica halo) veins (Table 2). At
Telfer WD, higher hardness is associated with a higher sandstone content and silicification.
Despite the high rock hardness indicated for this class, the high RR Au values indicate that
the rock fractures in such a way as to release gold into fine fractions.

Gold is present in the rock associated with pyrite at both deposits. Pyrite at Gramalote
is dominantly dispersed in quartz veins and alteration halos, while pyrite at Telfer WD
is more dispersed and occurs in both the quartz veins and the host rock. Quartz veins
appear to play a significant role in how the rock will break, with thin quartz veins acting
as preferential planes of weakness where microfractures in the quartz veins could be
controlling rock breakage. Thus, the presence of thin quartz veins appears to enhance
grade-by-size fractionation.

In Figure 11, we propose that rock fracturing during ore processing may be signifi-
cantly influenced by the size and type of vein present in the host rocks. The presence of
microfractures encourages the deposition of mineralization (sulfides + free Au) and creates
zones of weakness. As a result, in thin veins, these weaknesses are constrained to narrower
zones, forming pseudo-breakage planes (Figure 11A). In contrast, thicker veins contain
more widely distributed sulfide-bearing microfractures, which create multiple internal
weakness planes and promote localized brecciation (Figure 11B). However, despite this
internal fracturing, the quartz matrix remains mechanically strong, so these veins tend
to break into a few large blocks rather than many small fragments during blasting. This
behavior explains why fragments of thick quartz veins are predominantly found in the
coarsest fraction of the Gramalote bulk samples (>19 mm; Figure 8).

Thin veins are hypothesized to shatter along the center line upon breakage
(Figure 11A), facilitating the release of sulfides and gold as fine-grained particles. In con-
trast, thick veins tend to fragment into larger pieces, retaining much of the coarse-grained
sulfides and thus limiting mineral liberation. This mechanism of grade-by-size fractionation
may help explain the higher abundance of thin quartz veins observed in the RR Au >80
class across both deposits (Table 2).

This hypothesis (Figure 11) may be a better fit at Telfer WD, because the quartz veins
do not present alteration halos, which adds minerals that potentially interfere with the
way the rock breaks. In contrast at Gramalote, two important vein types (V2 and V3) are
recognizable by their alteration halos, which respond differently during crushing. The V2
veins have a K-feldspar halo, and when this alteration has weak intensity, it allows the
quartz vein to be the dominant plane of weakness (Figure 12). However, when K-feldspar
intensity is high, the selvage/vein composite is strong, resulting in the rock breaking in a
breccia-like fashion (e.g., Figure 12—RR Au 80-20 class), as observed in the bulk samples
(Figure 9, V2 veins with strong K-feldspar halo).
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The Gramalote V3 veins have white mica halos. When the alteration is weak
(i.e., poorly developed), quartz veins fracture into small fragments with the release of
sulfides. However, when the intensity of the white mica alteration is high, the rocks break
preferentially along the selvage, resulting in the veins breaking into larger flat pieces
(e.g., Figure 12—RR Au 80-20 class). These observations suggest that rock breaks into
sub-rounded (in K-feldspar—V2 veins) and disk shaped (in white mica—V3 veins) pieces
as observed in the bulk sample (Figure 9).

These observations also suggest that thin quartz veins with weak alteration halos are
more likely to release the ore minerals into the fine fraction during crushing. In Gramalote,
vein thickness was estimated indirectly using the texture classification based on magnetic
susceptibility (‘Vein’, “Vein + LAR’, LAR’; Section 2.2). The ‘Vein + LAR’ texture (indicative
of thin veins) is abundant in the RR Au >80 class. In contrast, at Telfer, magnetic suscepti-
bility was not effective due to the lack of magnetite in the samples. Instead, detailed drill
core logging provided direct information on vein thickness. For example, the RR Au >80
class is characterized by a high number of veins but low total volume, indicating that the
majority of veins are thin (Table 2).
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Figure 11. Schematic of possible quartz vein breakage. (A) Scenario for thin veins. (B) Scenario for
thick veins. Blue = vein; red lines = potential fracture ‘planes’.
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Figure 12. Schematic of possible ways rock could break depending on quartz vein thickness and the
halo alteration type and intensity for Gramalote deposit.

The percentage of highly mineralized veins (i.e., V2 veins in Gramalote and quartz
veins in Telfer WD) is an important control on the upgrade potential (RR Au). For example,
the RR Au >80 class for Gramalote presents a higher content of V2 veins, but if this vein
content increases and the vein distribution changes, the upgrade potential is reduced (RR
Au 80 to 20 class). This behavior also occurs in Telfer WD, where the RR Au 80 to 20 class
has a higher presence of quartz veins (Table 2).

The RR Au 20 to 0 class characteristics are similar for both deposits (Table 2), with few
veins, and medium to low rock hardness (Gramalote: ~765 Ls, Telfer: ~721 Ls; Table 2). In
contrast, the negative RR Au class shows distinct features, with both deposits exhibiting
relatively high gold grades, but Telfer WD additionally presenting more intense alteration
and lower rock hardness (~686 Ls; Table 2).

6. Conclusions

The analysis of detailed drill core logging is an essential first step in identifying
geological textures related to grade-by-size fractionation. The geological characteristics of
samples from the Gramalote and Telfer WD Au deposits that showed high importance were
the lithology of the host rock and the vein types and their related alteration. Geological
data from these two contrasting Au deposits show that samples with hard host rocks
(e.g., tonalite) and a high number of thin, well-distributed mineralized veins (e.g., V2 veins)
are more likely to exhibit a high upgrade potential (RR Au >80), meaning that ore minerals
can be liberated into the fine fraction after blasting without requiring crushing.
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Samples with medium to high rock hardness that contain thick to thin mineralized
veins which are poorly distributed, or samples dominated by well-distributed but weakly
mineralized veins (e.g., V3 veins), generally show a medium upgrade potential (RR Au
80-20). These samples require an additional crushing step to promote mineral liberation.

Samples lacking significant veining generally show no upgrade potential (RR Au
20-0). Highly mineralized zones at Gramalote are associated with negative RR Au val-
ues, suggesting that these rocks do not require upgrading and should be processed in
their entirety.
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