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Abstract: The success of prospecting for gold deposit in overburdened areas based on the using of
secondary dispersion haloes mostly depends on the chosen method of geochemical survey (sampling
horizon, sample preparation for analysis, etc.). At the same time, the geochemistry of gold in the
supergene zone is insufficiently studied, especially it’s migration and concentration in association
with other elements in surface sediments due to weathering of gold-bearing ore. The main aim of the
study presented in this paper is the determination of mobile forms of gold and pathfinder elements
(As, Cu, Ni, Ag, Zn, Pb, Se, Sb, Mo, Bi, and Te) in podzol soil and moraine in the areas of Karelia
region with known gold mineralization. As a result of conducted experiments it was determined
that the main mobile forms of gold are water-soluble and bound to organic matter, while pathfinder
elements bound preferably to Fe and Mn(hydr)oxides and to organic matter. As gold and some
pathfinders bind with organic matter, this form was considered in more detail, and the elements’
interaction with humic and fulvic acids was investigated. In addition, it was determined that the
studied elements are quite “mobile” because the percentage of the mobile form in their total content
was mostly more than 50%. The main features of the elements’ migration and concentration were
identified in surface sediments of the study areas.

Keywords: gold; pathfinders; mobile forms; humic and fulvic acids; podzols; moraine

1. Introduction

Currently, prospecting for gold deposits is mostly being carried out in overburden-affected areas.
The degree of overburden can vary at first to dozens of meters, which makes prospecting more
difficult to carry out, because gold is characterized by a low abundance in upper crust (1.5 ng-g ! [1])
and especially in overburdened areas. In consequence of the high cost of low-concentration analysis,
prospecting is often based on the use of elements associated with gold mineralization in primary haloes,
such as Te, Bi, As, Ag, Cu, Sb, etc. [2-6]. However, these elements, forming anomalies in a secondary
halo while weathering gold-bearing ore, no longer have a close positive correlation compared to it
in the primary halo and sometimes this correlation is lost completely in a large-scale geochemical
survey. That is why selecting elements as indicators of gold mineralization should be based not only
on genetic relations between the elements in the primary halo, but also on their migration features
in the secondary halo. Another aspect of solving the problems of prospecting for gold deposits is
the use of geochemical methods based on the analysis of an element’s mobile form (CHIM—partial
leaching of metals; TMGM—thermomagnetic geochemical method; MMI—mobile metal ion extraction;
MOMEOQO—Ieaching of mobile forms of metals in overburden; enzyme leaching, etc.), because the
full amount of the element corresponds to the sum of several processes, which are thus averaged
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and do not always show contrast anomalies, compared to the anomalies identified with mobile form
analysis [7]. However, using geochemical methods based on mobile forms analysis requires knowledge
of gold migration and concentration features in the supergene zone, and the information about this
remains incomplete as of today, despite a significant amount of research being conducted in this
field [8-11]. Therefore, the purpose of this study was to identify the main mobile forms of gold and its
pathfinders and to compare the futures of their concentration in different horizons of loose sediments
in the areas with known primary gold mineralization for the understanding of what mobile form of
gold and associated elements could point onto overlaying ore body.

2. Materials and Methods

2.1. Geology of Study Areas

The study of gold and pathfinder’s mobile forms in loose sediments was carried out in two
territories at Karelia region—the territory of Novye Peski gold deposit and Piilola prospecting area.
Novye Peski gold deposit is located within the Segozero—Vedlozero Archean greenstone belt. Piilola
prospecting area is located within the Kuhmo Archean greenstone belt, where there are known gold
ore occurrences (Piilola, Josijarvi, Muesuo, etc.) (Figure 1).
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Figure 1. The geological structure of Karelia and location of the studied areas [12].

Mobile forms of gold and pathfinders were studied in loose sediments near the Josijarvi gold
ore occurrence in the Piilola area. It is hosted by intermediate metatuff. Zones with an elevated gold
concentration are confined to micaceous schists and are characterized by increased arsenic content.
Ore mineral associations are represented by arsenopyrite and pyrrhotite with occasional aggregates of
chalcopyrite, sphalerite, pentlandite, pyrite; silver and copper are presented as impurities. The native
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gold and bismuth intergrowths are also characteristic [12,13]. The supposed exploration model is the
intrusion related gold system combined with the hosted orogenic shear zone [14].

The main types of host rocks of the Novye Peski deposit are metamorphosed basalts, andesibasalts
and their tuffs, amphibolites over gabbro or gabbro-amphibolites, including garnet and epidote with
magnetite and ilmenite. The veinlet-impregnated vein of gold-sulfoarsenide ore mineral association
includes arsenopyrite, lellingite, pyrite, pyrrhotite, chalcopyrite, sphalerite, glaucodotite, galena,
scheelite, gold, and occasional aggregates of bismuth and maldonite. Ore mineralization is confined to
the schistosity zone with a N-E orientation (shear zone) in metamorphosed and altered gabbroids [15].
According to the latest investigations, the Novye Peski gold deposit can be categorized as the orogenic
genetic type [15,16]. There are granitoids with a suggested age of 2.7 Ga, but the relation of gold
mineralization to intrusion is not obvious [16]. Novye Peski is a small deposit with P; reserves of
5.8 tons of gold [15].

2.2. Sampling, Mineralogical, and Chemical Characteristic of Surface Sediment Horizons

The territory of the study areas is covered by loose sediments, represented by moraine and
podzols developing on it [17,18]. The territory of sampling at Novye Peski is characterized by the
distribution of thin, weathered moraine, which does not differ in its features from the soil-forming
horizon C, compared to moraine in the Piilola area, where the weathering processes are slower, and
the moraine keeps its texture and structure. Rustic Podzols (FAO 1998) are developed in the Novye
Peski area, according to the national soil atlas of Russian Federation, and Haplic Podzols are the most
common in Finland according to data from the Soil Geographical Database of Europe presented by
Yli-Hala [19]. The type of considered soil has the following profile: O—AO—E—Bf(Bhf)—C.

Loose sediment samples were collected from three vertical sections at each study area: over the
mineralized zone (profile No. 1), near (profile No. 2) and away from it (profile No. 3) in the territory
of the Novye Peski deposit, and within the area with gold and arsenic anomalies in the secondary
dispersion halo in the Piilola area (profiles No. 1, No. 4 and No. 10) (Figure 2). Thus, 9 samples
from Novye Peski area and 12 samples from the Piilola prospecting area were collected to identify
mobile forms of elements. The main chemical and mineralogical characteristics of samples are shown
in Tables 1 and 2. Organic carbon was determined with CHN analysis. Soil pH was measured in water
extract [20]. Mineral phases were identified with X-ray powder diffraction and clay mineral content
with full-profile Ritveld quantitative XRD analysis (Supplementary Figures S1-54).

Table 1. The main chemical and mineralogical overburden and bedrock properties at Novye Peski.

Horizon Organic Clay

. 1
(Depth, cm) pH Carbon, % Minerals, % Mineral Phases Au’, ppm
E quartz, microcline, albite, hornblende,
(20-30) 49-54 0.45-0.66 4 muscovite, calcite, dolomite 0.0037
Bf quartz, albite, microcline, hornblende,
(40-50) 5.7-6.0 1.00-1.44 7 biotite, chlorite 0.0065
C . .
(10cmover  52-64  0.09-054 12 quartz, albite, hornblende, muscovite, ) ;191
bedrock) microcline, talc, chlorite
Type of rock: amphibolite
Minerals: amphibole, chlorite, quartz,
Bedrock . . ; plagioclase, biotite, epidote, 0.0388
(first 10 cm) tourmaline, garnet; ilmenite, titanite, ’

pyrrhotite, chalcopyrite, pyrite,
arsenopyrite, magnetite [21]

! Data of gold concentration in profile No. 1 determined with LA ICP-MS in surface sediments and with ICP-MS
method in rock according to procedure of NSAM No. 499.
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Table 2. The main chemical and mineralogical overburden and bedrock properties in the Piilola
prospecting area.

Horizon Organic Clay

. 1
(Depth, cm) pH Carbon, % Minerals, % Mineral Phases Au’, ppm
E g 2 quartz, plagioclase, amphibole,
(10-12) 5.6-6.9 0.55-1.05 58 montmorillonite, talc 0.0026
Bhf quartz, plagioclase, muscovite,
(30-40) 5.1-5.6 1.08-3.34 9.2 hydromuscovite, chlorite, 0.0029
amphibole, kaolinite
C quartz, plagioclase, microcline,
(80-100) 5.2-5.7 0.14-0.77 7.5 muscovite, chlorite, amphibole, 0.0025
pyrophyllite, dolomite, sepiolite
moraine ¥ _ quartz, microcline, chlorite, albite,
(150-300) 5.5-7.0 0.14-3.30 131-16.6 amphibole, muscovite, talc, kaolinite 0.0020
Type of rock: granite
Minerals: feldspar, quartz, muscovite,
( ﬁ?:td; 8 Ccll(n) - - chlorite, biotite, calcite, zoisite 0.0231

Type of rock: amphibolite
Minerals: amphibole, biotite, chlorite

! Data of gold concentration in profile No. 1 determined with LA ICP-MS in surface sediments and with ICP-MS
method in rock according to procedure of NSAM No. 499.
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Figure 2. Places of sampling in the Novye Peski (a) and Piilola (b) [14] areas.
2.3. Methods of Determining Gold and Pathfinder Mobile Forms

The selection of elements as pathfinders for mobile form determination was based on data
regarding ore mineral associations in gold ore occurrences located within study areas [14,15], and on
the data about the elements most often associated with gold in the Baltic Shield [22,23]. Thus, mobile
forms of gold and pathfinders, such as As, Ag, Cu, Ni, Zn, Pb, Te, Se, Mo, Bi, and Sb, were identified in
this study.
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Determinations of gold and pathfinder mobile forms were conducted with the sequential
extraction method [24,25] with a further ICP-MS analysis of the extracts. The sequential extraction is
usually used for determination of forms of elements, but also it experimentally models the interaction
of elements with natural water: the low water mineralization can cause the water-soluble form leaching,
the increasing of water mineralization—leaching of forms of elements related to ions exchange. pH
changes can contribute onto dissolution or precipitation of carbonate forms and forms bound to
organic matter. Forms bound to Fe and Mn (hydr)oxides are the less mobile and can dissolve due
to the destruction of adsorbent. We used the sequential extraction procedure consisting of six steps
(as shown in Table 3); the seventh step is the insoluble residue digestion of loose sediment samples,
which was done to evaluate the parts of the mobile and residual forms.

Table 3. Sequential extraction procedure.

Step Target Phase Extractant
1 Water-soluble H,0 + C,H50H
2 Loosely adsorbed (cations exchange) 1IN BaCl,
3 Strongly adsorbed (anions exchange) 1N NaH,PO,4
4 Bound to organic matter 0.1IM NayP,07-10H,O
5 Bound to carbonates 1IN CH3COONa + 1IN CH3COOH, pH = 5.5
6 Bound to iron and manganese (hydr-)oxides 6N HCI
7 Insoluble residue HF and H,SO4

The extraction of humic (HA) and fulvic (FA) acids was conducted according to the pyrophosphate
express method of Kononova and Belchikova with modifications by V.V. Ponamoreva and
T.A. Plotnikova [26], with the further multi-element analysis of extracts with the ICP-MS method.
The full quantity of HA and FA carbon were determined with the 1.V Turin method with V.N. Simakov’s
modification [27].

3. Results

3.1. Analysis of Mobile Forms of Gold and Pathfinder Elements

The results of the conducted experiment show that the main mobile forms of gold are water-soluble
and bound to organic matter in loose sediments in the Piilola area and at Novye Peski, and gold is also
bound to Fe and Mn (hydr-)oxides at Novye Peski, but in a lower grade (Tables 4 and 5, Supplementary
Table S1). In contrast to gold, none of the pathfinders have a high percentage of their water-soluble
form, and those elements bound preferably to Fe and Mn (hydr-)oxides, except for tellurium, mobile
forms of which are strongly adsorbed and bound to organic matter in both areas and bound to Fe
and Mn (hydr-)oxides in the Piilola area. Cu, Ni, Ag, Bi, and Pb are mainly bound to Fe and Mn
(hydr-)oxides in both study areas. For arsenic and selenium, this form also plays an important role;
however, those elements are in a strongly adsorbed form in loose sediments in the Piilola area, which
is changed on being bound to organic matter at Novye Peski. Molybdenum and antimony also have
some differences in loose sediments: they are bound preferably to organic matter and Fe and Mn
(hydr-)oxides in the Piilola area and bound only to Fe and Mn (hydr-)oxides in the Novye Peski area.
Thus, based on the obtained data, we can point to the groups of elements with similar types of mobile
forms in both areas: Au, Cu, Ni, Ag, Bi, Pb, and with some changes, As, Se, Mo, and Sb.
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Table 4. Mobile forms of gold and pathfinder elements in surface sediments at Novye Peski.

Form Loosel Strongl Bound to Bound to Bound to Fe
Water-Soluble y gy Organic and Mn (Hydr-)
Percentage Adsorbed Adsorbed Carbonates .
Matter Oxides
Cu, Ni, Ag, Sb,
>50 Mo, Bi, Zn, Pb
30-50 Au Te Au, As, Ag, As, Se
Se, Te
Cu, Sb, Bi,
15-30 Pb Au
5-15 Se, Mo Au, Cu, Zn As, Ni, Ag Ni, Mo, Zn Te
As, Cu, Ni, As, Ni, Ag, Au, Cu, Se, Au, As, Cu, Ni,
<5 Ag, Sb, Te, Se, Sb, Mo, Sb, Mo, Bi, Ag, Se, Sb, Mo, Te
Bi, Zn, Pb Te, Bi, Pb Zn, Pb Bi, Zn, Pb

Table 5. Mobile forms of gold and pathfinder elements in surface sediments in the Piilola

prospecting area.

Form Loosel Strongl Bound to Bound to Bound to Fe
Water-Soluble y 8y Organic and Mn (Hydr-)
Percentage Adsorbed Adsorbed Carbonates .
Matter Oxides
As, Cu, Ni, Ag,
>50 Au Zn Mo Bi, Pb
30-50 Au, Sb Se
As, Se, Ag, Se,
15-30 Se Mo, Te Te, Pb Sb, Mo, Te, Zn
. Cu, Ni, As, Cu,
5-15 Sb, Te, Bi Se, Te Sb, Zn Ni, Bi, Zn Te
As, Cu, Ni, Au, As, Cu, Au A Au, As, Cu, Ni,
<5 Ag, Mo, Ni, Ag, Sb, B P Ag, Se Sb, Mo, Au
Zn, Pb Mo, Bi, Pb ’ Bi, Zn, Pb

The total content of the mobile forms for all of the studied elements is a significant percentage of
their total concentrations in soil and moraine (Tables 6 and 7). Here and below, the mobile forms are
understood as a concentration of all the forms leached from steps 1 to 6 of the sequential extraction
procedure: water-soluble, loosely and strongly adsorbed, and bound to organic matter, to carbonates
and to iron and manganese (hydr-)oxides. For example, the proportions of gold’s mobile forms vary
from 59 to 96% in the Piilola area and from 40 to 72% at Novye Pesky; moreover, the percentages of
the mobile form are lowest in horizon B, compared to E and C in profiles No. 1, No. 2, No. 4, and the
largest in No. 3 and No. 10. The percentages of the mobile form of gold are lower in the moraine than
in the overlying soil horizon C of all the profiles of the Piilola prospecting area. The percentages of
Bi, As, Mo, and Zn mobile forms are very significant in both regions and more than 50%. Ag, Te, and
Cu are also predominantly in their mobile form, the proportions of which are higher than 50% in the
Piilola area, but these tendencies are characterized by other trends at Novye Peski: the mobile form
percentages depend on the place and the depth of sampling, and, in general, amount to more than 30%
for those elements. It can also be noted that the elements studied in the soil of Novye Peski are less
“mobile” than in the Piilola area because the percentages of mobile forms for some of them are slightly
lower. Ni, Se, and Pb are the least mobile elements in both regions.
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Table 6. Percentages of mobile forms of elements in surface sediments in the Piilola area. MF—mobile
form (ppm); TQ—total quantity (sum of element concentration in all extracts, ppm); %—mobile form
percentage from the total quantity.

. . Au Bi Ag Te
Profile Horizon
MF TQ % MF TQ % MF TQ % MF TQ %
E 0.0387 0.0403 959 0.062 0.094 658 0551 0.699 787 0.078 0.091 857

Bhf 0.0265 0.0449 589 0100 0.141 710 0609 0722 844 0091 0.104 875

C 0.0150 0.0167 89.7 0.050 0.086 588 0374 0467 80.1 0.046 0.065 70.0
M 0.0068 0.0105 645 0.090 0.141 638 0430 0514 836 0.052 0.059 88.9
E 0.0135 0.0155 87.0 0.084 0.104 81.1 0553 0.631 87.7 0.013 0.013 100.0
4 Bhf 0.0137 0.0165 832 0.150 0216 693 0.757 0.839 90.3 0.182 0.182 100.0
C 0.0192 0.0226 851 0.135 0.175 773 0.665 0.753 88.2 0.046 0.046 100.0
M 0.0227 0.0321 70.8 13.217 13.867 953 0.769 0.876 87.8 0.365 0423 86.2
E 0.0090 0.0114 79.1 0.095 0.135 705 0516 0.613 842 0.026 0.046 57.2
10 Bhf 0.0097 0.0114 85.1 0.112 0.151 739 0.637 0.733 87.0 0.091 0.111 824
C 0.0113 0.0135 83.6 0.121 0.172 70.1 0.698 0.771 90.6 0.052 0.052 100.0
M 0.0079 0.0116 678 0377 0423 89.0 0.819 0945 86.7 0.117 0.117 100.0
Profile Horizon Ni Zn Se Mo
MF TQ % MF TQ % MF TQ % MF TQ %
E 2.7 10.5 255 1496 1615 927 0467 0.813 574 1.6 1.8 94.1
1 Bhf 21.5 40.0 538 168.6 2040 826 0.663 1.039 63.8 1.9 2.3 82.2
C 13.7 27.7 492 2352 2616 899 0536 0902 594 1.6 1.7 91.7
M 30.5 57.8 52.8 135.7 166.5 815 0.808 1.830 44.2 1.8 2.0 90.2
E 2.3 5.8 400 1168 1266 922 0511 0.811 63.0 1.5 1.7 91.7
4 Bhf 12.9 23.0 56.1 178.7 197.0 90.7 0.821 1251 65.6 2.3 2.5 93.9
C 17.9 36.1 494 1383 1669 829 0.639 2206 29.0 1.5 1.7 88.3
M 7.3 13.0 563 1194 1343 889 0.816 1.123 726 2.8 3.1 92.0
E 4.8 45.3 107 949 1180 804 0423 0703 60.1 1.6 1.7 92.1
10 Bhf 80.6 98.6 81.7 1447 1682 861 0710 1.093 649 1.6 1.8 91.6
C 83.7 1354 61.8 1382 1642 842 0.634 2064 307 1.6 1.8 91.5
M 92.4 153.1 60.3 1853 217.7 852 0.646 0993 65.1 2.5 2.8 89.6
. . As Cu Sb Pb
Profile Horizon
MF TQ % MF TQ % MF TO % MF TO %
E 2.8 3.1 90.4 54 7.1 77.0 25 2.8 88.6 4.5 124 364
1 Bhf 71.7 76.3 94.0 16.2 17.9 90.8 2.3 5.2 43.8 5.6 124 452
C 5.4 5.7 95.5 18.3 23.0 79.7 14 1.6 85.8 3.6 115 315
M 155 16.0 96.9 29.5 33.8 87.4 1.3 1.5 84.6 6.0 12.0 50.2
E 2.8 3.2 88.4 29.9 307 974 1.6 1.7 88.9 4.6 9.4 495
4 Bhf 419 425 985 1104 111.6 989 2.3 2.9 80.5 9.3 154  60.5
C 36.0 36.7 98.0 16.9 18.7  90.5 1.7 2.0 84.2 3.4 8.7 38.4
M 44.3 45.6 97.1 13.1 15.1 86.5 1.2 14 88.3 9.3 17.6 525
E 19.3 23.1 83.8 4.6 5.9 79.3 14 1.7 78.7 17.5 242 724
10 Bhf 70.0 71.6 97.8 15.7 19.8 79.2 1.6 1.7 91.8 6.1 11.8 51.8
C 131.2 1327 989 20.4 23.7 86.1 1.6 1.8 91.5 34 74 45.5

M 1186 1207 982 330 382 863 1.5 2.7 54.9 8.1 134  60.7
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Table 7. Percentages of mobile forms of elements in surface sediments in the Novye Peski area.
MF—mobile form (ppm); TQ—total quantity (sum of element concentration in all extracts, ppm);
%—mobile form percentage from the total quantity.

. . Au Bi Ag Te
Profile Horizon
MF TQ % MF TQ % MF TQ % MF TQ %
E 0.0051 0.0077 65.8 0.062 0.109 56.8 0.200 0467 429 0.10 0.15 676
1 Bf 0.0021 0.0043 481 0.081 0.109 747 0.061 0.296 20.8 0.10 0.10  100.0
C 0.0041 0.0058 71.0 0244 0312 783 0.029 0.153 193 0.25 0.25 100.0
E 0.0036 0.0053 68.1 0.056 0.099 563 0.726 0.924 78.6 0.14 0.14  100.0
2 Bf 0.0028 0.0069 40.3 0.065 0.086 75.1 2505 2575 97.3 0.19 0.19  100.0
C 0.0058 0.0099 58.8 0.072 0.099 72.7 0.002 0.080 2.0 0.09 0.15 63.1
E 0.0028 0.0056 50.2 0.027 0.051 529 0.062 0.126 49.2 0.18 0.18  100.0
3 Bf 0.0071 0.0099 71.8 0.079 0.143 550 0.067 0.244 275 <0.0003 0.06 0.0
C 0.0049 0.0077 64.0 0.036 0.048 745 0.014 0.041 342 0.05 0.17 316
. . Ni n Se Mo
Profile Horizon
MF TQ % MF TQ % MF TOQ % MF TOQ %
E 1.79 16.61 108 111.89 129.86 86.2 0.28 3.55 8.0 1.70 2.70  63.1
1 Bf 15.19 23.82 63.8 8000 9790 817 0.61 1.14 532 297 336 883
C 10.09 21.10 47.8 148.10 186.68 79.3 0.49 0.89 55.5 2.84 3.09 919
E 6.14 18.65 329 141.74 160.92 88.1 0.16 0.42 38.5 6.63 6.93 957
2 Bf 17.74  28.01 63.3 100.36 114.75 87.5 0.23 0.48 48.9 353 4.07 869
C 1523 23.02 662 8569 106.50 80.5 0.26 0.45 57.3 1.71 272 63.0
E 3.47 12.85 27.0 65.03 77.00 844 0.15 0.51 289 2.16 248 873
3 Bf 21.60 3224 67.0 22878 25036 91.4 0.37  0.95 38.8 2.22 244 909
C 6.22 1995 312 5553 7392 751 0.14 0.27 50.7 206 218 942
A P
Profile Horizon S Cu Sb b
MF TQ % MF TQ % MF TQ % MF TQ %
E 2.97 3.80 78.2 0.75 17,67 4.2 0.74 1.73 43.0 420 1249 336
1 Bf 20.53  21.61 95.0 1050 18.07 58.1 9.82 1092 899 514 1228 419
C 100.51 10261 98.0 37.62 4348 865 1.76 2.16 81.4 7.68 1526 50.3
E 2.31 2.71 85.3 4.75 9.62 494 1.06 1.45 73.4 6.82 16.79 40.6
2 Bf 5.25 5.57 942 1210 16.74 723 5.28 6.07 87.0 511 1249 41.0
C 1.27 2.32 549 20.69 2527 819 1.35 2.04 66.1 646 1266 51.1
E 1.93 227 84.8 0.84 2.62 32.2 1.68 2.33 71.9 447 1495 299
3 Bf 5.45 5.83 93.5 1546 22.08 70.0 2.28 3.24 70.5 2822 3797 743
C 0.64 1.03 62.4 6.57  9.89 66.4 2.12 2.53 83.6 3.71 1133 327

3.2. Analysis of Gold and Pathfinder Elements in Humic and Fulvic Acids

The extracts of HA and FA were prepared from surface sediment samples of the study areas
for the analysis for gold and pathfinder concentrations. The results of that analysis are presented
in Tables 8-11. The majority of the studied elements interact with both HA and FA, and only some
elements (Ag; Mo in the Piilola area and As at Novye Peski) were detected only in extracts of one type
of organic matter. Also, we can discern a group of elements bound preferably to FA or HA in surface
sediments. Au, Ni, Bi, and Ag are bound preferably to HA and As, Cu, Pb, Te, Se, and Mo to FA at
both study areas, but Zn and Sb bound to HA at Novye Peski and to FA in the Piilola area.



Minerals 2019, 9, 34

90f 16

Table 8. Concentration of humic acid (HA) and fluvic acid (FA) carbon in surface sediments at Novye Peski.

Profile Horizon HA, % FA, %
E 0.41 1.07
No. 1 Bf 0.25 1.13
C 0.15 0.39
E 0.15 0.29
No. 2 Bf 0.16 1.09
C 0.10 0.00
E 0.25 0.25
No. 3 Bf 0.16 0.67
C 0.10 0.05

Table 9. Concentration of HA and FA carbon in surface sediments in the Piilola prospecting area.

Profile Horizon HA, % FA, %
E 0.24 0.66
Bhf 0.15 1.05
No. 1 C 0.17 0.01
M 0.10 0.10
E 0.36 033
Bhf 0.50 5.50
No. 4 C 0.18 0.78
M 0.66 254
E 0.29 0.01
Bhf 1.25 12
No. 10 C 0.25 0.74
M 0.25 143

Table 10. Concentrations of elements in HA and FA extracts at Novye Peski.

A .
Profile  Horizon v Ni Se Sb
HA FA HA FA HA FA HA FA
E 0.0003 0.0004 0.412 0.313 0.028 <0.006 0.006 <0.0001
No. 1 Bf 0.0055 0.0012 0.187 0.108 0.014 0.028 0.113 0.028
C 0.00005 0.0008 <0.001 <0.001 0.075 0.039 <0.0001  <0.0001
E 0.0026 0.0001 0.009 0.434 <0.006 0.056 0.0002 <0.0001
No. 2 Bf 0.0008 <0.00001 0.072 0.302 <0.006 0.167 0.003 <0.0001
C <0.00001  0.0007 <0.001 0.225 <0.006 0.056 <0.0001  <0.0001
E 0.0009 0.0002 0.492 0.165 <0.006 <0.006 0.064 0.156
No. 3 Bf <0.00001  0.0022 0.258 0.165 0.014 <0.006 0.015 <0.0001
C 0.0009 <0.00001 0.191 <0.001 <0.006 <0.006 0.03 <0.0001
A Z A
Profile  Horizon 8 n Cu S
HA FA HA FA HA FA HA FA
E 0.1020 <0.0005 0.075 0.396 <0.006 0.622 0.63 <0.04
No. 1 Bf 0.0100 <0.0005 <0.003 1.307 <0.006 8.578 0.67 <0.04
C 0.0980 <0.0005 0.084 4.626 <0.006 38.942 0.51 <0.04
E 0.0020 <0.0005 0.003 0.339 <0.006 0.277 0.25 <0.04
No. 2 Bf <0.0005 <0.0005 0.018 0.761 <0.006 0.462 0.05 <0.04
C 0.0600 <0.0005 0.075 5.720 <0.006 0.474 0.48 0.77
E 0.1120 <0.0005 <0.003 0.223 <0.006 0.141 1.02 <0.04
No. 3 Bf 0.0140 <0.0005 <0.003 2.659 <0.006 1.275 0.16 <0.04
C <0.0005  <0.0005 <0.003 0.675 <0.006 0.183 0.27 <0.04
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Profile = Horizon As Zn Cu As
HA FA HA FA HA FA HA FA
E 0.1020 <0.0005 0.075 0.396 <0.006 0.622 0.63 <0.04
No. 1 Bf 0.0100 <0.0005 <0.003 1.307 <0.006 8.578 0.67 <0.04
0.0980 <0.0005 0.084 4.626 <0.006 38.942 0.51 <0.04
E 0.0020 <0.0005 0.003 0.339 <0.006 0.277 0.25 <0.04
No. 2 Bf <0.0005  <0.0005 0.018 0.761 <0.006 0.462 0.05 <0.04
0.0600 <0.0005 0.075 5.720 <0.006 0.474 0.48 0.77
E 0.1120 <0.0005 <0.003 0.223 <0.006 0.141 1.02 <0.04
No. 3 Bf 0.0140 <0.0005 <0.003 2.659 <0.006 1.275 0.16 <0.04
C <0.0005  <0.0005 <0.003 0.675 <0.006 0.183 0.27 <0.04

Table 11. Concentrations of elements in HA and FA extracts in the Piilola prospecting area.

A .
Profile = Horizon v Ni Se Sb
HA FA HA FA HA FA HA FA
E 0.0029 0.0011 0.556 0.259 <0.006 <0.006 0.058 0.370
No. 1 Bhf 0.0004 0.0007 0.726 0.191 <0.006 0.613 0.056 0.230
o C <0.00001 <0.00001 <0.001 <0.001 <0.006 0.007 <0.0001 0.037
M <0.00001 <0.00001 <0.001 <0.001 <0.006 <0.006 <0.0001 0.025
E <0.00001 <0.00001 0.985 <0.001 <0.006 0.307 <0.0001 0.091
No. 4 Bhf 0.0018 0.0008 0.642 <0.001 <0.006 0.307 <0.0001 0.660
o C <0.00001 <0.00001 0.046 <0.001 <0.006 0.140 <0.0001  <0.0001
M 0.0002 0.0005 0.554 <0.001 <0.006 0.279 0.061 0.261
E <0.00001  <0.00001 0.247 <0.001 <0.006 0.157 0.009 0.025
No. 10 Bhf <0.00001  0.0003 0.174 0.145 <0.006 0.139 0.014 0.054
o C <0.00001 <0.00001 <0.001 0.559 <0.006 0.090 <0.0001 0.005
M <0.00001 <0.00001 0.454 0.704 <0.006 <0.006 0.041 0.082
A 4 A
Profile = Horizon & n Cu S
HA FA HA FA HA FA HA FA
E 0.051 <0.0005 0.086 0.483 <0.006 0.666 0.62 65.62
No. 1 Bhf 0.007 <0.0005 0.004 1.691 0.133 24.371 <0.04 1.71
o C <0.0005 <0.0005 <0.003 <0.003 <0.006 2.011 <0.04 65.62
M <0.0005  <0.0005 <0.003 0.748 0.105 0.105 <0.04 <0.04
E 0.023 <0.0005 0.150 <0.003 0.036 0.271 0.356 9.45
No. 4 Bhf 0.042 <0.0005 0.164 0.761 0.079 17.223 0.325 12.23
o C <0.0005  <0.0005 0.128 0.623 0.190 21.172 <0.04 1.95
M 0.313 <0.0005 0.218 1.762 0.188 21911 1.34 4.73
E 0.004 <0.0005 0.075 <0.003 0.096 4.338 0.393 <0.04
No. 10 Bhf 0.017 <0.0005 0.041 1.502 0.167 24.504 <0.04 1.755
0 C <0.0005  <0.0005 <0.003 1.026 0.575 103.601 <0.04 1.965
M 0.062 <0.0005 0.129 0.412 0.262 47.769 0.75 3.46
. . Mo Te Pb Bi
Profile = Horizon
HA FA HA FA HA FA HA FA
E <0.003 0.021 0.025 <0.0003 <0.001 0.483 <0.0005 0.0106
No. 1 Bhf <0.003 0.046 <0.0003  <0.0003 <0.001 0.025 0.0033 <0.0005
o C <0.003 0.011 <0.0003  <0.0003 <0.001 0.029 <0.0005 <0.0005
M <0.003 0.168 <0.0003  <0.0003 <0.001 0.080 <0.0005 <0.0005
E <0.003 0.042 <0.0003  <0.0003 <0.001 1.089 0.0381 0.0036
No. 4 Bhf <0.003 0.180 <0.0003  <0.0003 <0.001 0.119 0.0019 <0.0005
o C <0.003 0.071 <0.0003 0.005 <0.001 0.145 <0.0005 <0.0005
M <0.003 0.429 <0.0003 0.057 0.006 0.162 0.6230 0.1706
E <0.003 0.003 0.325 <0.0003 <0.001 0.283 0.0766 <0.0005
No. 10 Bhf <0.003 0.103 <0.0003 0.025 <0.001 1.562 <0.0005 <0.0005
0 C <0.003 0.044 <0.0003 0.036 <0.001 0.016 <0.0005  <0.0005
M <0.003 0.096 <0.0003  <0.0003 <0.001 0.040 0.0005 <0.0005
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4. Discussion

As was previously shown, the percentages of the mobile forms of the studied elements are
a major part of their total quantity in surface sediments; thus, the mobile forms can be used for
the characterization of element concentrations in overburdened areas. Compared to the changes of
gold’s mobile form concentration from profile No. 3 (out of the mineralized zone) to No. 1 (over the
mineralized zone) in the studied soil horizons at Novye Peski, we can observe that it ascends gradually
only in the E horizon, and this trend is opposite to that in Bf (Figure 3). The same trend of ascending
concentration is seen in the E and Bhf horizons from profile No. 10 to No. 1 in the Piilola prospecting
area. The highest content of gold’s mobile form was determined in a sample of the Bf horizon at Novye
Peski, but that sample was taken in profile, which is out of the mineralized zone. The highest content
in the C horizon is also not over the mineralized zone, but it is in the E horizon.

E |
E e
R
1 Bhf M1
e
Bf 5
e u W4
C
B3 s E10
C
E e M
T T 1 T T 1
0.000 0.005 0.010 0.000 0.020 0.040 ppm
(a) (b)

Figure 3. The changes of gold’s mobile form concentration in the studied soil horizons within different
profiles: (a) 1—over the mineralized zone, 2—over the circum-ore zone, 3—out of the mineralized zone;
(b) 1,4,10—profiles in the Piilola prospecting area.

Thus, we can suggest that the changing of gold’s mobile form content in the E soil horizon
can point to the mineralization zone. L.N. Antropova [6] stated that chemical elements are in
their water-soluble form until and unless they are not bound to organic matter or to Fe and Mn
(hydro-)oxides, and gold is in its water-soluble form in soil over the ore body [28]. According to these
facts, it is suggested that the highest water-soluble gold content would appear in the surface sediments
overlying the ore body. The highest water-soluble gold content was detected in the E horizon of profile
over the mineralized zone at Novye Peski, and the same soil horizon was observed for profile No. 1 in
the Piilola prospecting area (Figure 4).

The highest mobile form contents of arsenic and copper are in the C horizon of profile No. 1 at
Novye Peski, in the C horizon and moraine of profile No. 10 for arsenic, and in the Bhf horizon for
copper in the Piilola area (Figure 5).

Another main mobile form of gold is bound to organic matter, which is also common for some
pathfinders, unlike water-soluble. The variations of Au, As, and Cu and the organic carbon ratio in
surface sediments are presented in Figure 6. We used the ratio for the standardization of element
concentration in the form bound to organic matter, because the samples have a different organic carbon
content. As and Cu were chosen for this consideration because they are the most common pathfinders
in the study areas.
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Figure 4. Water-soluble gold distribution in surface sediment horizons within different profiles:
(a) 1—over the mineralized zone, 2—over the circum-ore zone, 3—out of the mineralized zone;
(b) 1,4,10—profiles in the Piilola prospecting area.
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C o RSSO
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Figure 5. Distribution of arsenic and copper mobile forms in surface sediment horizons within different
profiles: (a) 1—over the mineralized zone, 2—over the circum-ore zone, 3—out of the mineralized zone;
(b) 1,4,10—profiles in the Piilola prospecting area.
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Figure 6. The ratio variation of Au, As, and Cu bound to organic matter and carbon in loose sediment
horizons in the Novye Peski (a) and Piilola (b) areas. Horizons: 1—E, 2—Bf (Bhf), 3—C, 4—moraine.

The highest Au/C ratio is in the C soil horizon of profile No. 3, and it does not point to the
mineralized zone at Novye Peski. Arsenic and copper also have the highest ratio in the C horizon,
but this is in profile No. 2 for copper and only for arsenic in profile No. 1, over the mineralized zone at
Novye Peski. The highest ratios of Au, As, and Cu bound to organic matter and organic carbon are
also common for the lower horizons of overburden in the Piilola prospecting area. The Au/C ratio
does not point to the mineralized zone, despite the prevalence of the form of gold bound to organic
matter. Perhaps, this is a consequence of gold’s interaction with various types of organic matter: humic
(HA) and fulvic acids (FA), which contribute differently to gold migration and concentration [29-32].

The histograms for the elements bound preferably to HA and to FA are shown in Figure 7.
The ratio of gold and HA carbon is highest in profile No. 1 in the Bf soil horizon, of silver is in the C
horizon, and of nickel is in the E and C soil horizons in profile No. 3. As, Cu, and Mo have the highest
ratio in C, but in profile No. 2. None of the analyzed elements have as high a ratio in the Bf horizon as
gold, while most of the other elements achieve this in the C horizon, but in different soil profiles.
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Figure 7. Ratio variation of elements to HA (a) and FA (b) carbon in soil at Novye Peski. Horizons:

1—E, 2—Bf, 3—C.

5. Conclusions

The results of the conducted experiment, presented in this paper, demonstrate that gold and
pathfinder elements are quite mobile in loose sediments of the studied areas. In addition, the received
results demonstrate the main differences between gold and pathfinders in their migration and
concentration in surface sediments. Some elements have differences even in a form bound to organic
matter due to their interaction with humic or fulvic acids, or with both simultaneously. The forms
of gold and pathfinders which point to the mineralized zone are different: water-soluble for gold
and predominantly bound to Fe and Mn (hydr-)oxides for pathfinders, and that is why the highest
concentration of those forms of the elements is in different horizons in the studied areas: in E horizon



Minerals 2019, 9, 34 15 of 16

for gold (0.0042 ppm at Novye Peski, 0.0149 in the Piilola area) and for pathfinders in Bf and C at
Novye Peski, Bhf, and moraine in the Piilola area.

Thus, it is very important to determine the features of elements’ migration and concentration in
a particular type of surface sediment when choosing the elements as pathfinders or when using the
geochemical method, based on mobile form analysis, for the prospecting of gold deposits.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/1/34/s1,
Figure S1: X-Ray Diffraction results of surface sediments in the Piilola area, Figure S2: Mineralogical characteristic
of bedrock in the Piilola area, Figure S3: X-Ray Diffraction results of surface sediments at Novye Peski, Figure
S4: Mineralogical characteristic of bedrock at Novye Peski. Table S1: Concentration of different forms of gold in
surface sediments (ppm).
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