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Rock density determinations are necessary for ore resource evaluations from estimated block
grades in g/t. Rock density depends on the mineral composition and, thus, it is specific for each
rock type. The rock density distributions for different rock types are often symmetric. Hence, the
arithmetic mean- is a good-approximation for the average density for lithological units.-However;
there may exist spatial variation in density values due to alteration, fracturing and original
heterogeneities such as layering. This study compares the kriged density model with the one with
constant density values for different lithological units in the evaluation of metal amounts in rock
blocks. The case study consisted of rock densities measured from the drill cores at Ahmavaara
PGE deposit in northern Finland. The used Ni contents were simulated in accordance with the
spatial distribution of rock densities. The Ni amounts in 2x2x2 m3 blocks are higher for the kriged
densities than for the average densities. The difference is increasing with the increasing metal
amounts due to the nonlinear correlation between Ni content and rock density. The final effect on
the resource estimation depends on the cutt off grade and prices of the metal, for example, for a

very valuable metal the small differences are significant

Introduction

A number of factors influence the validity of ore reserve
estimates, namely geological control, sampling method, cut-
off grade, sample mean, analytical technique, specific
gravity and dilution factors. The determination of rock
densities is necessary for ore resource calculations from
estimated block grades in g/t. Rock densities of igneous and
metamorphic rocks reflect mineral composition. The
specific gravity of ore deposits are defined from the drill
core samples at a laboratory or by using radiometric
logging. Rock densities for different rock formations have
usually symmetric distributions, thus, the arithmetic mean is
a good measure for the formation density. The metal
amount in blocks are calculated using equation:

M = V(m* ) D(kg/m*)* C(10™ kg /1000 kg),

where M is the amount of metal, D is rock density and C is
metal content. Many ore minerals are heavy, for example,
sulphides have densities above 5.0 g/cm?3. So, the sulphide
ores are usually denser than the country rocks. However,
the correlation between metal content and density is not
necessary linear. Possible secondary alterations and
fracturing within ore formations may lower rock densities,
In addition, the spatial distribution of rock density is seldom
homogeneous. There exist heterogeneities due to the
layering, secondary alteration, and structural deformations.
So, there is a reason to study the effect of the spatial
distribution of density values on the ore evaluation. This
study applies geostatistical methods in detail estimation of
block densities between drillholes and compares the results
with the ones obtained by using average densities for rock
units.

The case study is from the Ahmavaara PGE deposit
Finland (Figure 1). This formation belongs to the Portimo

Complex that consists of the Konttijdrvi-Suhanko and
Narkaus intrusions (2.45 Ga) in the extensive suite of
Fennoscandian layered complexes which extend into
Russia’s Kola region. The data consisted of rock densities
and Ni contents measured from drill cores.

The densities were estimated by ordinary kriging which is
a linear regression technique for minimizing an estimation
variance defined from a prior model for spatial correlation
(e.g. Journel and Huijbregtst, 1989). Spatial correlation is
usually described and modelled by calculating
experimental variograms:

, 1 N{h) 5

7= N ;(’Y’ )
where {(x;, y)l i=1 ... N} are samples pairs at a distance of
h.

It was assumed that density values and Ni contents have
similar spatial properties. The obtained gridded densities
and Ni contents were used to calculate Ni amounts in the
2x2x2 m?3 blocks. The results were compared with the ones
obtained by using constant density values for different
lithological units, in this case lithostratigraphic units of the
Ahmavaara intrusion.

Geological model

Ahmavaara is a locality name at the northern edge of the
large Suhanko intrusion (Figure 1). Ahmavaara deposit has
a strike length of 2400 m. Arctic Platinum Partnership has
explored the western 1400 m of the deposit. There are seven
lithostratigraphic units: HW Gabbro, Peridotite Marker,
Ahmavaara Pyroxenite, Marginal (Upper, Central and
Lower) Series and basement consisting of mostly quartz
diorite. Deuteric alteration and lower amphibolite facies
metamorphism has changed the rock mineral composition,
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Figure 1. Ahmavaara deposit (Geological Survey of Finland, http:/www.gsf.fi) and its approximate location in Finnish Lapland

and, so, the physical properties. The lithostratigraphic units
are continuous and dipping to the north-east about 40
degrees.

A block of a size of 165x85x160 m3 was chosen for the
present study (Figure 2). The lithostratigraphic layers were
modelled by triangulating the top surfaces using drill core
logs and GOCAD software (Figure 2A). The geology was
modelled from these surfaces using a 83 x 43 x 81 grid and
2 x 2 x 2 m? grid cells. The 6 intrusive layers are shown in
the Figure 2B.

Density model

The distributions of rock densities is rather symmetric
except for the existence of a few high values (Figure 3A).
The mean and median have similar values for five
lithostratigraphic units (Table I) and the variances are low.
Hence, the mean densities are good measures for density in
these layers. In Lower Marginal Series the distribution of
density values is skewed smaller median (2.990 g/cm3) than
mean (3.047 g/cm3).

The highest densities (approximately 3 g/cm3) are found
in the Lower Marginal layer consisting mainly of gabbroic
rocks. The lightest rocks (approximately 2.8 g/cm3) are
from the basement consisting mainly of quartz diorite
(Table I).

Because the rock densities at Ahmavaara intrusion have
rather symmetric distribution, experimental variograms
were calculated for the untransformed density values. The
variograms were modelled by using a spherical model:

Y(h) =nugget + sill (Wa - (W/a)3) if I is less than equal q,

and

Y(h) = nugget + sill if & > a, where

a is the the range, i.e., the distance after which the samples
are no more correlated, & is the distance between samples,
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and sill is the plateau value that is achieved for i=a. Nugget
is the value which the variogram gets at zero and it is
caused from measurements errors or short scale variation.
In the present case study, the nugget (0.002) is probably
caused by the short scale variation inside the radius of a
size of 5 metres.

A

Figure 2. (A) Triangulated top surfaces for lithostratigraphic
units and the study volume of size of 165x85x160 m3 and (B) the
inferred geological model showing Lower Marginal, Central
Marginal, Upper Marginal, Ahmavaara Pyroxenite, Peridotite
Marker and HW Gabbro with different shades of grey from
bottom to top
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Figure 3 (A) The histogram of all the density values and (B) experimental variogram and corresponding spherical model

Table 1

Lithostratigraphic unit Number of Mean Median Variance Minimum Maximum

samples g/em3 g/cm3 (g/cm?3)?x 10-6 glem3 g/em3
HW Gabbro 1380 2.8996 2.896 0.005 2.64 4.29
Peridotite Marker 1025 2.9374 2.934 0.012 2.74 3.38
Ahmavaara Pyroxenite 557 2.9476 2.953 0.004 2.67 3.52
Marginal Upper 926 2.9374 2.934 0.012 2.58 4
Marginal Central 1758 2.9568 2.957 0.007 2.68 4.26
Marginal Lower 754 3.047 2.99 0.069 2.67 4.55
Basement 2315 2.8122 2.779 0.014 2.64 4.29

Structural analysis showed that the density values have
the directions of maximum continuity parallel with the
lithostratigraphic units and the longest ranges are about 70
metres (Figure 3B). The shortest range is perpendicular to
layering and it is about 40 metres.

The obtained model gives a moderate correspondance
between estimated and true values based on the cross-
correlation study (Figure 4). Accordingly, high values are
underestimated. The resulted kriged map is shown in the
Figure 5. It can be seen that highest densities occur at the
bottom of the Lower Marginal Series. In other lithographic
units the density is varying less.

Comparing metal amounts in blocks by using
different density models

The Ni contents were kriged using the similar spatial
correlation model as in the case of densities. In addition,
logarithmic transformation was applied, because Ni grades
have a positively skewed distribution. The kriged and
backtransformed Ni contents were multiplied by density
values and the volume of the blocks, i.e., 8 m3. These
values are compared with the ones obtained by using
constant density values for the rock units (Figure 6). The
difference is increasing towards large values. This can be
explained by the fact that the correlation between density
and Ni contents are not linear for high Ni contents (Figure
7). Low Ni grades (up to 2000 ppm) are associated with
silicates, for example, olivine having a density of
approximately 4 g/cm3, in layered intrusions (Wyllied,
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1967). In contrast, highest Ni contents are associated with
sulphides that are heavy minerals (density of about 5 g/cm3)
which increase rock densities. Sulphides have higher Ni
contents than olivines, and, thus, density is increasing
slower than highest Ni contents. The use of kriged or
average formation densities produce similar amounts of Ni
when the Ni grade was less than 2000 g/t (Table II). The
amount of Ni calculated using kriged densities is greater
than the one obtained by using average densities when Ni
content is higher than 2000 g/t. The difference is increasing
with grade. Based on the cross-correlation study (Figure 4)
the highest densities are underestimated; that means an even
larger underestimation of Ni amounts in blocks. The final
effect on the ore estimation depends on the price of the
evaluated metal. The underestimation could be prevented
by using higher constant density values but this would lead
into overestimation in a number of locations because the
correlation between Ni content and density is not linear.

Table II shows the statistical summary of Ni amounts in
2x2x2 m? using kriged and average densities for different
lithostratigraphic units at Ahmavaara deposit. The
proportion is calculated relative to the Ni amounts
calculated by using kriged densities. The cut-off for the ‘Ni-
ore’ was assumed to be 981 g/t.

Conclusions

The effect of density model on the ore resource estimations
was studied using Ahmavaara PGE deposit as a case study.
Rock densities and Ni contents were kriged. Based on the
cross-correlation study, kriged density estimates are
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Figure 4. Cross-validation of the variogram model. On the left the histogram of the differences between estimated and true values and on
the right the scatterplot between estimated and true densities

Figure 5. Kriged density map

Densfey (1)
3 31-5 L 4,

s ! L I-
-+

MY ix)0000)
[
+
5

N1 [x10000)

T
3 35 L3 4,
Densrey (11

Figure 6. A scatterplot of the amounts of Ni in 8 m3 blocks
calculated vsing kriged densities versus Ni amounts calculated
using average densities, Ni contents were gridded by ordinary
kriging

correlated with the true values except for high density
values. Ni grades were kriged using the same spatial
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Figure 7. A scatterplot of Ni contents versus densities

correlation model as for the density values. In addition,
logarithmic transformation was applied, because Ni grades
have a positively skewed distribution. The Ni amounts in
blocks calculated by using the kriged density model were
compared with the ones obtained by using average densities
for each rock unit. If the spatial correlation structure is the
same for density values and Ni contents the kriged density
values lead to greater variance in estimated Ni amounts
than by using the average densities for lithostratigraphic
units. Furthermore, the difference between Ni amounts
calculated using kriged and average densities is largest in
high grade blocks. According to these results, it seems that
the use of average densities in ore evaluation may lead to
over or underestimation, especially in the case of metal
amounts having strongly unsymmetric distributions. The
final effect of the density model on the resource estimation
depends on the cut-off grade and prices of the metal.
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Table IT

Ni grade Mean density Ni (kg) Ni (kg) Difference Difference Difference
interval difference using kriged using average kg kgs/block as proportion (%) from
g/t between kriged densities densities 2x2x2 m3 imaginary
and average Ni ore calculated
densities g/cm?3 with kriged densities
795-880 -0.014 110557 111411 -855 -0.151973 -
880-981 -0.01 103118 103809 -691 -0.146305 -
981-2000 0.004 270972 269572 1400 0.156617 0.4
2000-4000 0.1 78686 74429 4255 3.59375 1.1
4000-6000 0.34 15803 13410 2393 1746715 0.6
6000-8000 0.45 7802 6233 1569 42.40541 0.4
8000--10000 0.81 4197 3314 882 58.8 0.2
>10000 0.37 19070 14366 4704 130.6667 1.2
Total 4% (underestimation)
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