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Abstract Comprehensive research has been implemented
to raise the efficiency of the geochemical survey of stream
sediments (SSs) that formed under the cryolithogenesis con-
ditions. The authors analysed the composition, structure and
specific features of the formation of exogenous anomalous
geochemical fields (AGFs) identified through SSs of large
river valleys of IV order. In our case, these were the valleys
of Maly Ken, Ken and Tap Rivers. These rivers are located
in the central and southern parts of the Balygychan—Sugoy
trough enclosed in the Magadan region, North—East of Rus-
sia. The authors proposed a new technique to sample loose
alluvium of SSs in the large river valleys along the profiles.
The profiles were located across the valleys. The AGFs of
Au, Ag, Pb, Zn, Sn, Bi, Mo and W were studied. Correla-
tions between elements have been established. These ele-
ments are the main indicator elements of Au—Ag, Ag—Pb,
Sn—Ag, Mo—W and Sn—W mineralization occurring on the
sites under study. The results obtained were compared with
the results of geochemical surveys of SSs. It is concluded
that the AGFs recognized along the profiles reflect the com-
position and structure of eroded and drained ore zones,
uncover completely and precisely the pattern of element
distribution in loose sediments of large water flows. The
alluvium fraction < 0.25 mm seems to be most significant in
a practical sense, as it concentrated numerous ore elements.
Sampling of this fraction in the river valleys of IV order does
not cause any difficulty, for this kind of material is plentiful.
The developed technique of alluvium sampling within large
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river valleys is efficient in searching for diverse mineraliza-
tion at all stages of prognostic prospecting. It is applicable
for geochemical survey of SSs performed at different scales
both in the North—East of Russia, as well as other regions
with similar climatic conditions, where the SSs are formed
under the cryolithogenesis conditions.

Keywords Stream sediments - Large river valleys -
Geochemical fields - Mineralization - Indicator elements -
Geochemical survey

1 Introduction

It is evident that geochemical methods of prospecting are
significant for regional forecasting and searching for ores.
At the early stages of prospecting, it is highly efficient to
employ a geochemical survey of stream sediments (SSs).
These methods are primarily applied to assess vast areas at
short time and at a low cost. The SSs were first used in pros-
pecting ore deposits in the second half of the twentieth cen-
tury. At the same time, geochemical methods through SSs
were developed (e.g., Hawkes and Bloom 1956; Kvashnevs-
kaya 1957; Boyle et al. 1958; Bogolyubov and Sochevanov
1959; Solovov 1959; Degrys 1961; Hawkes and Webb 1962;
Polikarpochkin 1963; Dahlberg 1968; Bradshaw et al. 1972).
Since then, they have been progressively upgraded and are
still widely employed in exploration works. This evidence
could be well exemplified by the recently published papers
on this subject matter (e.g., Naseem et al. 2002; Ohta et al.
2005; Romanov 2008; Nude and Arhin 2009; Sokolov 2010;
Yousefi et al. 2013; Zhang et al. 2013; Liu et al. 2014; Zuo
2014; Ali et al. 2015; Yilmaz et al. 2015, 2017, 2022; Chen
et al. 2016; Shahrestani et al. 2018, 2019; Makshakov et al.
2019; Lin et al. 2020; Azmi et al. 2021; Makshakov and
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Fig. 1 Typical water flow valleys of I-1I (a) and III-IV (b) orders, North—East of Russia

Kravtsova 2021; Ayari et al. 2022; Wang et al. 2022; Lipp
et al. 2023; Marques et al. 2023).

All such papers deal mainly with the study of loose sedi-
ments (alluvium) of small water flows. Just these sediments
are commonly sampled by prospectors in geochemical sur-
veys of SSs. Such kinds of water flows are represented by
small and large brooks extending for less than 10 km and
running through the valleys of I-III orders (Horton 1945;
Strahler 1952, 1957; Filosofov 1975; Kiryukhin and Shvets
2010) (Fig. 1a). Collecting samples is easy enough, for the
valleys are normally less than 100 m wide. Following the
method (Grigoryan et al. 1983), the samples are collected
on the riverbed shallows of temporary and permanent water
flows, at times on the flooded land, when the shallows are
filled with water.

In contrast, researchers practically do not pay due atten-
tion to the loose sediments of larger water flows (small rivers
extending for 10-50 km, running in the valleys of III-IV
orders) (Fig. 1b). Such SSs are not often sampled. This is
explained by the uncertainty in selecting sites for alluvium
sampling, as due to lateral erosion the width of recent valleys
of these rivers may achieve some hundred metres and even
a few kilometres. In some locations in the valleys, the flood
lands are boggy, the riverbed is uncertain, and the rivers are
most often branching into numerous watercourses. In places,
one can hardly locate the borders between the terraces above
the flood land and flood land proper. Thus, considering the
techniques applied in Russia (Polikarpochkin 1976; Grigo-
ryan et al. 1983), it is recommended to execute sampling
following two parallel routes running on both sides of the
valley closely to the slopes. Practically, in geochemical sur-
veys, sampling if present at all is performed mainly along
the riverbed. Our research has shown that the enumerated
techniques of sampling provide no results on discovering
anomalies linked with mineralization. Therefore, it is vital to
carry out comprehensive methodological work to investigate

the SSs formed in large river valleys. The objective of this
work is to develop the more effective technique of alluvium
sampling in the river valleys of III-IV orders targeted to
accurate identification of exogenous anomalous geochemical
fields (AGFs) through SSs and, as a consequence, improve-
ment of geochemical survey of SSs.

2 Characteristics of the study area
2.1 Geological background

The study of the SSs of large river valleys was carried out
in the North—East of Russia (Magadan region) within the
Okhotsk-Chukotka volcanogenic belt, incorporating the
Balygychan—Sugoy trough (BST) (Fig. 2a). We have selected
the sites on the Maly Ken and Ken Rivers in the centre
(Fig. 2b), and Tap River in the south of the BST (Fig. 2c¢).
Two structural horizons participate in the geological set-
ting of the central and southern parts of the BST. The lower
horizon is composed of Triassic—Jurassic terrigenous sedi-
ments represented by sandstone, siltstone, argillite, tuff and
coquina. All these rocks are exposed on the surface in mostly
eroded southern part of the BST. The upper horizon is com-
posed of Cretaceous terrigenous-volcanic rocks of the trough
(Fig. 2b, c). On the study areas, the most ancient sediments
of the BST are Early Cretaceous terrigenous coal-bearing
rocks of the Omsukchan formation (K,om). These rocks
consist of sandstone, siltstone, argillite and conglomerate,
and primarily occupy the BST centre. They are unconform-
ably overlain by effusive rocks of the average composition
of the Early-Late Cretaceous Tavatum formation (K#v). The
formation is represented by andesite, andesite-basalt, their
tuff, tuff-lava and dacite. The Late Cretaceous Nayakhan
formation (K,nh) of acidic volcanics is the youngest one
in the trough. This sequence consists of rhyolite, rhyolitic
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Fig. 2 Location of study area (a) and schematic geological maps of
central (b) and southern (c) parts of the BST. The images were con-
structed using materials from geological funds and the Dukat Geo-
logical Survey, with additions and modifications after (Struzhkov
and Konstantinov 2005; Belyi 2008). 1. Quaternary sediments (Q); 2.
Late Cretaceous rhyolite, rhyolitic ignimbrite and tuff and rhyodac-
ite (Nayakhan formation, K,nh); 3. Early-Late Cretaceous andesite,
andesite-basalt, their tuff and tuff-lava and dacite (Tavatum formation,
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K#v); 4. Early Cretaceous sandstone, siltstone, argillite, conglomer-
ate and coal seams (Omsukchan formation, K,om); 5. Jurassic sand-
stone, siltstone and argillite (J); 6. Triassic sandstone, siltstone, argil-
lite, tuff, calcareous sandstone and coquina (T); 7-9. Late Cretaceous
intrusions: 7. leucogranite, 8. diorite and 9. gabbro-diorite; 10 and 11.
subvolcanic rocks: 10. Late Cretaceous rhyolite and nevadite and 11.
Early Cretaceous rhyolite; 12. faults; 13. sites of deposits and pros-
pects; 14.sites to study SSs of large river valleys
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ignimbrite and tuff and rhyodacite. The intrusive rocks are
spread widely as Late Cretaceous leucogranite and hypabys-
sal subvolcanic bodies of rhyolite, in places nevadite. The
intrusions of Late Cretaceous diorite and gabbro-diorite,
as well as Early Cretaceous subvolcanic bodies of rhyolite
occur occasionally. The detailed structural, geological and
metallogenic characteristics of the study area have been
described in a great many works (e.g., Goncharov et al.
1984; Rodnov and Zaytsev 1985; Umitbaev 1986; Tauson
et al. 1990; Konstantinov et al. 1993, 1998, 2003; Kravt-
sova et al. 1996, 2003; Kuznetsov and Livach 2005; Stru-
zhkov and Konstantinov 2005; Belyi 2008; Sidorov et al.
2009, 2011; Kravtsova 2010; Volkov et al. 2018; Livach and
Tretyakova 2022).

2.2 Types of mineralization

The survey sites enclose gold—silver (Au—Ag), silver—poly-
metallic (Ag—Pb), tin—silver (Sn—Ag), tin—rare metal (Sn—W)
and rare metal (Mo—-W) deposits and prospects (Fig. 2b,c).

The Au—Ag mineralization is available at the Krasin pros-
pect (Fig. 2b). The lower-ore intervals mainly approach the
surface, particularly at the stream-drained sites. The data of
the Dukat Geological Survey indicate that the ore bodies
occur within the mineralized zone of breaking in essentially
silicified and kaolinized Early-Late Cretaceous andesite of
the Tavatum formation cut by the dykes and small stocks
of granodiorite porphyry of the same age. Ores consist of
the veins and linear zones of veinlets with impregnated,
nest- and streak-like distribution of sulphides. The veins
and veinlets have quartz-carbonate and quartz-feldspar-
carbonate compositions. The most widespread ore minerals
are pyrite, rarely sphalerite; chalcopyrite, galena and pyr-
rhotite are even less common. Out of Ag minerals, argen-
tite and pyrargyrite predominate. In some cases, proustite,
polybasite, stromeyerite and native Au and Ag are found.
Gold is present as kustelite and electrum. Its larger part as
fine-dispersed particles are enclosed in pyrite, which is the
main ore mineral. The pyrite amount (together with sphal-
erite) in ores increases at depth up to 10%. The geochemical
composition of ores is typical for the lower-ore intervals of
Au—-Ag deposits in the BST (Kravtsova and Zakharov 1996;
Kravtsova et al. 2003; Kravtsova 2010). High contents are
typical for Ag, Sb and Zn, with fewer high contents for Au,
As, Cu, B and Pb and low contents for Hg.

The Ag—Pb ores are discovered at the Tidid (Fig. 2b) and
Goltsovy (Fig. 2c) deposits.

At the Tidid deposit, ore bodies have a subbedded form
and are represented by veins, veinlet zones and veined-
disseminated mineralization in stratified coaly-terrigenous
Early Cretaceous sediments of the Omsukchan formation,
in places in Late Cretaceous rhyolite of the Nayakhan for-
mation or on their contact. The composition of ores varies

from essential sulphide on the surface to sulphide-quartz at
the middle horizon and chlorite-quartz at lower horizons.
The veins and veinlets are largely composed of quartz,
orthoclase and chlorite, as well as later carbonate. The most
common ore minerals represent galena, sphalerite, chalcopy-
rite, arsenopyrite and silver minerals (freibergite, pyrargyr-
ite and stephanite). Not so abundant are pyrite, pyrrhotite,
boulangerite, marcasite, stannite, miargyrite, diaphorite,
acanthite, polybasite and native silver (Shilo et al. 1992;
Plyashkevich 2002; Konstantinov et al. 2003; Kravtsova
2010; Savva 2018).

Ores of the Goltsovy deposit are zones of veined-impreg-
nated mineralization, in places extensive veins and lenses in
rhyolite of the Nayakhan formation (Late Cretaceous). Ore
bodies consist of quartz, carbonates, hydromica and seric-
ite, rarely chlorite, kaolinite and adularia. Ore minerals are
mainly galena, sphalerite and freibergite. To add, the ores are
also typified by pyrargyrite, tetrahedrite, polybasite, miar-
gyrite, stephanite, native Ag, boulangerite, acanthite, pyrite
and pyrrhotite. The minerals like sternbergite, chalcopyrite,
stannite, cassiterite, arsenopyrite, magnetite and hematite
are found quite infrequently. Diaphorite and gudmundite
occur even more seldom (Shilo et al. 1992; Konstantinov
et al. 1993, 2003; Kravtsova et al. 1996, 1998; Plyashkevich
2002; Struzhkov and Konstantinov 2005; Kravtsova 2010;
Savva 2018; Savva et al. 2021).

High contents in Ag—Pb ores are typical for Ag, Pb, As
and Sb, a bit lower one for B, Zn, Hg and Sn, low values
of Cu and Bi. The occurrence of Sn and Bi is linked with
the Sn—Ag mineralization, which is generally combined
with Ag—Pb ones (Tauson et al. 1990; Kravtsova et al. 1996;
Kravtsova 2010).

Sn—Ag mineralization occurs at deep horizons and on the
southeastern flanks of the Goltsovy deposit. Ores are repre-
sented by veined-impregnated and impregnated linear zones
in Late Cretaceous volcanics of mainly rhyodacite composi-
tion of the Nayakhan formation. The gangue minerals are
quartz, chlorite, calcite and sericite. They may also show
biotite and tourmaline, infrequently, however. The main ore
minerals are sphalerite, argentite, galena, stannite, chalco-
pyrite, tennantite, tetrahedrite, As-pyrite and pyrrhotite.
Cassiterite, arsenopyrite and native Ag are rare (Kravtsova
et al. 1996, 1998; Kravtsova 2010). Ores show high con-
centrations of Ag, Sn, As and Sb, and not so high Bi, Zn,
Pb, Cu and B (Tauson et al. 1990; Kravtsova et al. 1996;
Kravtsova 2010).

Sn—W and Mo-W mineralization was recognized in the
unprofitable Kalyan and Pestrinsk prospects, respectively
(Fig. 2¢). These types of mineralization are related to Late
Cretaceous granitoids. The processes of their greisenization
(stockworks and veining areas) and hornfelsing proceeded
broadly. Greisens are located in the roof of massifs. Horn-
stones developed both within the granitoids and within the
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Triassic host terrigenous rocks. The main gangue minerals are
quartz, biotite, feldspars and muscovite, smaller amounts of
apatite, fluorite, carbonates and chlorites. Besides, there are
pyroxenes, amphiboles, tourmaline, beryl and topaz. The main
ore minerals are scheelite, molybdenite, pyrite, wolframite and
pyrrhotite. Arsenopyrite, cassiterite, chalcopyrite, magnetite
and hematite are rarely found; sphalerite and galena are avail-
able only in single cases (Kravtsova et al. 1996; Kravtsova
2010). Sn—W and Mo—W mineralization is characterized by
high contents of W, As and Bi, not so high of Sn and Mo, low
of B, Zn, Cu, Pb and Ag (Tauson et al. 1990; Kravtsova et al.
1996; Kravtsova 2010).

2.3 Topographic and climatic features

The Omsukchan ridge is the major mountainous unit lying
between the Balygychan and Sugoy Rivers (Kolyma River
tributaries). In the south of the BST, the ridge makes the
Kolyma—Okhotsk watershed. The relief resembles the Alpine
type. The maximal heights of peaks are about 1000 to 1700 m.
The peaks look roundish or acute. The slope gradient reaches
30°, at the foot up to 45°.

The mountainous slopes and peaks are covered with large
boulders of eluvium and deluvium about 3—-5 m thick. The
foothills are covered with thick sediments of colluvium. The
exposure of bedrock is mainly poor.

This region is characterized by a sharply continental cli-
mate. Precipitation is irregular, and it is mostly rain in sum-
mertime. In summer, the water temperature of streams and
rivers is never above 45 °C; in winter, most streams and small
rivers freeze completely. The snow cover forms in September
and completely melts in June. Cryolithogenesis conditions are
omnipresent.

The main local watercourses are the Ken, Maly Ken and
Tap Rivers. They belong to the Kolyma and Viliga river
basins. Following the existing classification (Horton 1945;
Strahler 1952, 1957; Filosofov 1975; Kiryukhin and Shvets
2010), the valleys of these rivers may be attributed to IV order,
as they extend for 18—45 km and are formed by the confluence
of stream valleys of III order. Closer to the source, the river
valleys undergo intense deep and lateral erosion and have a
V-shaped cross profile. In the middle and lower reaches, the
valleys undergo lateral erosion, they begin to accumulate sedi-
ments, and their cross profile becomes the trough-like.

Regional geography, climate, drainage system and flora are
described in detail in (Livach et al. 2007a, b).

@ Springer

3 Materials and methods
3.1 Geochemical sampling

The materials for the study were samples of alluvial sedi-
ments collected in the valleys of Maly Ken, Ken and Tap
Rivers (Fig. 2). Samples were taken along profiles located
across the river valleys below the mouths of the streams
falling into them (Fig. 3). The streams themselves drain
mineralization. The profiles extended from 110 to 560 m
depending on the valley width. Alluvium was sampled from
the surface in the direction from one side of the valley to
another. The sampling points were spaced within 5-30 m
(on average about 20 m). Mainly sandy, sandy silt and less
frequently sandy gravel material were sampled. Preference
was given to the sandy silt fraction, which generally pre-
vails in the valleys of the IV order. The sample weight was
400-500 g. They were thoroughly dried and sieved into two
fractions: usually accepted for prospecting < 1 mm (com-
mon) and less traditional < 0.25 mm (fine). The fractions
were mechanically grated in steel glasses on a vibrating
grinder to the state of powder (~200 mesh). The locations of
the alluvium samples are shown in Fig. 3. The total number
of samples in the valleys of Maly Ken, Ken and Tap Rivers
was 17, 18 and 90, respectively.

3.2 Sample analysis

We studied the composition, structure and specific features
of formation of the AGFs of Au, Ag, Pb, Zn, Sn, Bi, Mo and
W, which are the main indicator elements of Au—-Ag, Ag—Pb,
Sn—Ag, Mo—W and Sn—W types of mineralization occurring
at the study sites. The element contents in alluvium samples
were determined at the chemical laboratories of the Institute
of Geochemistry, Siberian Branch of the Russian Academy
of Sciences (IGC SB RAS), Irkutsk, Russia.

First, all the samples were analysed through a spectral
semi-quantitative atomic-emission analysis (SSA) for a wide
range of elements (Raykhbaum 1976). In this technique, the
sample powders were blown-and-spilled into the AC arc on
a Russian spectral device. It included DFS-8 spectrograph,
USA-5 attachment and DG-2 generator. The spectra were
visually interpreted using DSP-1 spectral projector. Ana-
lysed by Valentina Kishechnikova.

The results of the SSA were verified through a quanti-
tative atomic-emission analysis (Vasileva and Shabanova
2012). A Russian spectral facility was applied, including a
DFS-458S spectrograph, an automated device to introduce
samples into electric arc with an inbuilt spectral analytical
generator, and a multi-channel analyser of atomic emission
spectra. Analysed by Irina Vasileva and Elena Shabanova.

Gold contents in samples were determined through an
atomic-absorption spectrometry (AAS) according to method
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Fig. 3 The locations of alluvium samples in investigating SSs in the Maly Ken (a), Ken (b) and Tap (c) River valleys

(Torgov and Khlebnikova 1977; Rogozhin 2016). Samples
were pre-decomposed with a mixture of acids. Gold was
extracted with organic sulphide solution. Perkin-Elmer
M-303 and M-503 (USA) spectrometers with an HGA-72
graphite atomizing furnace from the same company were
used. Analysed by Pavlina Dolgikh, Tamara Krasnoschekova
and Valentina Vlasova.

3.3 Data processing

Golden Software Surfer (USA) and Microsoft Office Excel
(USA) software we applied to the analytical data processing,
to plotting preliminary schemes of element distribution and
to obtain diverse statistical data.

The method of multidimensional fields (Kitaev 1990) to
study of structure and composition of the AGFs identified
through SS we used; it is also used in plotting geochemical
maps. This method uses automatic classification to differen-
tiate the analytical data into the system of like quantities. It
reveals frequently available combinations of elements with
close quantitative values. As a result, AGFs of each element
were plotted.

During the study of AGFs, exogenous ones inclusive,
an important role was given to selection of the background

content (C,) for each element. In this paper, the authors
accepted the C, calculated through the 40-50 % level of
the accumulated frequency ratio of element contents
(40-50 % fractile of distribution) in SSs. In calculating C,,
large amounts of analytical data (for > 3000 samples) were
employed. This data amounts were obtained previously
when performing geochemical survey of SSs at a 1:50 000
scale within the central and southern segments of the BST.
Table 1 shows the C,, we used for the elements, the AGFs of
which are discussed in this paper.

4 Results

4.1 Geochemical fields identified through SSs
of the Maly Ken and Ken Rivers

To study the exogenous AGFs in the Maly Ken and Ken
River valleys two profiles were placed within the centre of
the BST. We have analysed the composition and structure of
geochemical fields of Au, Ag, Pb and Zn, the main indica-
tor elements of Au—Ag and Ag—Pb types of mineralization.
Profile I was located in the Maly Ken River valley below the
mouth of the Krasin stream draining the Au—Ag prospect of
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Table 1 The background

: Element Cy Cu Coe Cg.

conten.ts z.iccgpted in the paper (Vinogradov ~ (Vinogradov 1962) -

for main indicator elements of 1962) (Vinogradov 1962) Taylor (1964)

mineralization versus average

contents of elements in different Au 0.002 _ 0.0045 0.0043 0.004

rocks (ppm) Ag 0.1 0.07 0.05 0.07 0.07
Pb 20 15 20 16 12.5
Zn 50 72 60 83 70
Mo 2 0.9 1 1.1 1.5
W 1 1 1.5 1.3 1.5
Sn 4 - 3 2.5 2
Bi 0.1 0.01 0.01 0.009 0.17

Cy,, accepted background contents; C,

. 1N average rocks; C,., in acidic rocks; Cg,., in the Earth’s crust.

Dash (-), no data. The background content of Bi is conventionally accepted with regard to detection limit
of this element (0.04 ppm) in AAS method
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Fig. 4 The Au (a) and Ag (b) AGFs identified through SSs in Maly Ken River valley (profile I). Fractions <0.25 mm and < 1 mm

the same name (Figs. 2b, 3a). Profile II was placed in the
Ken River valley below the Maly Ken River mouth, after the
Gorely stream inflow (right tributary of Ken River) draining
the Tidid Ag—Pb deposit (Figs. 2b, 3b).

In profile I, we explored the AGFs of Au and Ag (Fig. 4).
The anomalous concentrations of these elements were deter-
mined in the two fractions of alluvium. The largest AGFs
were located by analysing the fine fraction, which displayed
moreover maximum contents of Au, e.g., 0.01-0.03 ppm.

@ Springer

The contrast ratios (CR') of Au in the AGFs varied from
5 to 15. The Ag contents reached values of 0.3-0.5 ppm at
CR =3-5. These fields of Au and Ag were identified on the
right side of the Maly Ken River valley, closer to the con-
fluence of the Krasin stream. Further, towards the central
part of the valley and its left side, the Au and Ag contents

! CR is the number obtained by dividing the average element content
in the AGF by its background.
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Fig. 5 The Ag (a), Pb (b) and Zn (c) AGFs identified through SSs in Ken River valley (profile II). Fractions <0.25 mm and < 1 mm

in SSs gradually decreased to near-background values
(Au<0.006 ppm at CR <3 and Ag < 0.3 ppm at CR <3). In
the common fraction of alluvium, the Au contents did not
exceed 0.01 ppm at CR <5 (Fig. 4a). Like in the fine frac-
tion, the Ag contents in the common fraction reached values
of 0.3-0.5 ppm at CR =3-5 (Fig. 4b). The same pattern was
observed in the distribution of Au and Ag AGFs, as in the
fine fraction. They were also located closer to the right side
of the Maly Ken River valley.

The correlation analysis revealed only a weak relation-
ship between Au and Ag. In the fine and common fractions
of alluvium, the pair correlation coefficients were + 0.26
and +0.20, respectively (the sample size in both cases was
17).

In profile 11, we explored the AGFs of Ag, Pb and Zn
(Fig. 5). The anomalous concentrations of these elements
were determined in all two fractions of alluvium, but in
this respect, mostly representative was fraction < 0.25 mm.
This particularly concerns the AGFs of Ag (Fig. 5a) and
Pb (Fig. 5b). The fine fraction was found to contain maxi-
mum concentrations of these elements: Ag to 1-1.5 ppm
(CR=10-15), Pb to 100-120 ppm (CR =5-6). All these
anomalies were identified closer to the right side of the
valley, the place of the Gorely stream confluence. In the
direction to the left side of the valley, particularly in the
mouth of the Maly Ken and Ken Rivers the element con-
tents noticeably decreased: Ag to 0.3—-1 ppm (CR=3-10),
Pb to 60-100 ppm and less (CR =3-5 and less). In the
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common fraction the Ag and Pb contents turned to be lower:
0.3—1 ppm and less (CR =3-10 and below) and 60-100 ppm
and less (CR =3-5 and less), respectively (Fig. 5a, b). These
element concentrations were identified both for the left and
right valley sides.

The Zn contents in profile II in both fractions reached
300-350 ppm at CR =6-7 (Fig. 5¢). The Zn AGFs with such
contents, same as the most contrasting Ag and Pb anomalies,
were also located closer to the right side of the valley. In the
direction to the central part (the mouth of Maly Ken and
Ken Rivers) and left side of the valley the element contents
decreased to 150-250 ppm (CR =3-5).

Correlation analysis confirmed the relationships between
Ag, Pb and Zn. In the common alluvium fraction, Ag—Pb
(4+0.73) exhibited strong relationship, and Pb—Zn (40.52)
and Ag—Zn (+0.37) had moderate relationships (sample size
was 18). In the fine fraction, moderate relationships were
established for Ag—Pb (+0.55) and Pb-Zn (+0.55), while
Ag—Zn had a weak relationship (+0.23) (sample size was
18).

4.2 Geochemical fields identified through SSs
of the Tap River

The study of exogenous AGFs in the Tap River valley was
performed along four profiles located within the southern
part of the BST and oriented across the valley. We have ana-
lysed the composition and structure of geochemical fields of
Ag, Pb, Zn, Sn, Bi, Mo and W, which are the main indicator
elements Ag—Pb, Sn—-Ag, Sn—W and Mo—W types of miner-
alization. On the left side of the valley, on its slopes, there
are Ag—Pb and Sn—Ag ore zones of the Goltsovy deposit, on
the right side there are Sn—W and Mo-W prospects Kalyan
and Pestrinsk, respectively (Figs. 2c, 3c).

Silver and lead had anomalous concentrations in all
fractions of alluvium of the Tap River (Fig. 6a, b). The
Ag contents in AGFs varied from <0.3 ppm (CR <3) to
6 ppm (CR =60), the Pb contents from < 60 ppm (CR < 3)
to 300 ppm (CR=15). Maximal concentrations of Ag
(4-6 ppm, CR =40-60) and Pb (200-300 ppm, CR =10-15)
were identified in the fine fraction. In the common fraction,
they did not exceed of 2—4 ppm (CR =20-40) for Ag and
100-200 ppm (CR =5-10) for Pb (Fig. 6a, b).

The most contrasting AGFs of Ag and Pb with contents
1-6 ppm (CR=10-60) and 100-300 ppm (CR =5-15),
respectively, were detected in profiles III and IV in all frac-
tions of alluvium. They were occurred on the left side of the
Tap River valley, where in the watershed area the Ag—Pb
ore zones of the Goltsovy deposit are located. The element
concentrations gradually decreased upstream from profile
IIT along the left side of the valley, at the site of influence
of small tributaries draining Sn—Ag ore zones of the Golt-
sovy deposit (profiles I and II). In this area, the fields of
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lower contrast were identified: Ag—0.3—1 ppm at CR=3-10,
Pb—60-100 ppm at CR =3-5.

On the right side of the valley, the contents of these ele-
ments were found to be minimal. The near background con-
tents of Ag (<0.3 ppm, CR < 3) and Pb (<60 ppm, CR < 3)
were revealed in profiles I and II, at the influence area of
small water flows draining the Mo—W Pestrinsk prospect.
The Ag contents in AGFs did not exceed 1 ppm (CR < 10),
Pb contents 100 ppm (CR <5) in profiles III and IV, at
the influence area of small water flows draining the Sn—W
Kalyan prospect.

Zinc, in comparison with Ag and Pb, in alluvium
of the Tap River had only low contents. They varied
from < 150 ppm (CR < 3) to 500 ppm (CR =10) (Fig. 6¢).
Mostly contrasting AGFs of Zn with contents 250-500 ppm
(CR=5-10) identified only in the fine fraction of alluvium
and only in profiles IIT and I'V. These anomalies extended on
the left side of the Tap River valley from profile I1I, below
the sites of Ag—Pb ore zones of the Goltsovy deposit, down-
stream to the central part of the valley through profile IV.
They were also discovered on the right side of the valley in
profile IV, where the Sn—W mineralization (Kalyan prospect)
appears on the slopes. The less contrasting fields with con-
tents 150-250 ppm (CR =3-5) were discovered on the left
side of the valley in profile II, where the Sn—Ag mineraliza-
tion (southwestern flank of the Goltsovy deposit) is available
on the slopes. Further upstream in the direction to profile I,
the Zn contents gradually decreased and became near-back-
ground (< 150 ppm, CR < 3). In the common fraction, the Zn
concentrations did not exceed of 150-250 ppm (CR =3-5)
(Fig. 6¢). The anomalies with these contents were located
only in profiles II-IV. They extended along the left side of
the valley from influence area of Sn—Ag and Ag—Pb ore zones
of the Goltsovy deposit.

Tin and bismuth in SSs of the Tap River formed quite
contrasting AGFs. The anomalous concentrations of these
elements were found in all two alluvium fractions and
in all profiles (Fig. 7). The Sn contents in AGFs varied
from < 12 ppm (CR < 3) to 160 ppm (CR =40), Bi contents
from < 0.3 ppm (CR < 3) to 5 ppm (CR =50). The highest
concentrations of Sn (40-160 ppm, CR =10-40) and Bi
(4-5 ppm, CR =40-50) were determined in the fine fraction.
In the common fraction of alluvium, Sn concentrations did
not exceed 20—40 ppm at CR=5-10 (Fig. 7a). The Bi con-
tents reduced slightly to 3—4 ppm at CR =30-40 (Fig. 7b).

The most contrasting anomalous fields of Sn with the
contents 100—160 ppm (CR =25-40) (Fig. 7a) were found
only in profile II along the left valley side, its slopes host-
ing Sn—Ag ore zones of the Goltsovy deposit. The AGFs
with the lower Sn contents (40—100 ppm, CR =10-25)
occupied a larger area within the valley. They extended
from profile II along the left valley side downstream to
profile IV. The AGFs with the same contents were also
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Fig. 6 The Ag (a), Pb (b) and Zn (c) AGFs identified through SSs in Tap River valley (profiles I-1V). Fractions <0.25 mm and < 1 mm

@ Springer



648

Acta Geochim (2024) 43:638-660

Fig. 7 The Sn (a) and Bi (b) AGFs identified through SSs in Tap River valley (profiles I-IV). Fractions < 0.25 mm and < 1 mm

identified on the right side of the valley in profile IV, e.g.,
at the influence place of small water flows draining Sn—W
mineralization of the Kalyan prospect. The AGFs of Sn
with the contents 20-40 ppm (CR =5-10) were occur in
all profiles including the right side of the valley in profiles
I and II (Pestrinsk Mo—W prospect). The least contrasting
fields of Sn (<20 ppm, CR <5) were primarily typical of
the left side of the valley in profile I, where mineralization
is almost not the case, and in profile III (Ag—Pb ore zones
of the Goltsovy deposit).
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The maximum concentrations of Bi (4-5 ppm,
CR =40-50) were detected in profile III on the right side
of valley, at place of transported material of Sn—W miner-
alization of the Kalyan prospect (Fig. 7b). The AGFs with
lower concentrations (2—4 ppm, CR =20-40) were identified
only in profiles III and IV. These fields extended along the
right (Kalyan prospect) and left sides (Sn—Ag ore zones and
flanks of Ag—Pb zones of the Goltsovy deposit) of the val-
ley. The AGFs with concentrations 1-2 ppm (CR =10-20)
were revealed in the other profiles too, including profile II,
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Fig. 8 The Mo (a) and W (b) AGFs identified through SSs in Tap River valley (profiles I-IV). Fractions <0.25 mm and < 1 mm

left side (Sn—Ag ore of the Goltsovy deposit) and profiles
I-I1, right side (Pestrinsk Mo—W prospect). The Bi AGFs
of the lowest contrast (<0.5 ppm, CR <5), the same as Sn
AGFs, were recognized only on the left side of the valley.
They were found in profile I, where ores on the slopes are
not present at all, and in profile III, where on the slopes the
richest Ag—Pb ores of the Goltsovy deposit were prospected.

Molybdenum and tungsten in alluvium of the Tap River
formed low contrast anomalies, which, moreover, were
not detected in all the fractions considered (Fig. 8). The
Mo contents in geochemical fields varied within interval
from <6 ppm (CR < 3) to 20 ppm (CR=10), W contents
from <3 ppm (CR<3) to 10 ppm (CR=10). The maxi-
mal concentrations of Mo (10-20 ppm, CR =5-10) were
revealed in fraction < 0.25 mm (Fig. 8a). The AGFs of Mo
identified in the same fraction of alluvium, covered the larg-
est area. In the common fraction, the Mo contents did not
exceed 6-10 ppm at CR =3-5. The anomalous contents of
W (3-10 ppm, CR =3-10) were available only in the fine

fraction (Fig. 8b), whereas in the common fraction, its con-
tents were nearly background (<3 ppm, CR < 3).

The AGFs of Mo and W were present only on the right
side of the Tap River valley, where rare-metal mineralization
discovered on the slopes and watershed. The Mo anomalies
were most common for the upstream (profiles I-II), where
the Pestrinsk Mo—W prospect sits on one slope of the Tap
River valley. The Mo anomalies were less widespread in
profile III (Kalyan Sn—W prospect). The AGFs of W were
detected only in profiles III-IV at area of the outcropped ore
zones of the Kalyan Sn—W prospect. The left side of the Tap
River valley (Ag—Pb and Sn—Ag ore zones of the Goltsovy
deposit) was typified by nearly background contents of Mo
(<6 ppm, CR<3) and W (<3 ppm, CR < 3).

The correlation analysis carried out on all samples (pro-
files I-IV) and on all alluvium fractions yielded almost
no results. Statistically significant relationships can only
be established between some elements. This is due to the
fact that the same elements can simultaneously serve as

@ Springer



650

Acta Geochim (2024) 43:638-660

Table 2 Pair correlation Ag Pb 7n Sn Bi Mo
coefficients of elements; the Tap
River (profiles I-1V), alluvium Profile I
fraction <0.25 mm Pb +0.43
Zn +0.42 +0.24
Sn -0.26 -0.41 —0.16
Bi -0.30 -0.15 —0.10 +0.47
Mo —0.40 -0.23 0.00 +0.16 +0.61
Profile 11
Pb +0.68
Zn +0.80 +0.68
Sn +045 +0.45 +0.49
Bi +0.04 +0.42 +0.31 —-0.05
Mo -0.28 -0.18 -0.14 -0.12 —0.01
Profile 111
Pb +0.81
Zn +0.41 +0.54
Sn -0.32 -0.23 -0.15
Bi -0.39 -0.15 —0.10 +0.30
Mo —0.09 —0.06 —0.18 —0.10 +0.58
w —0.10 -0.15 —-0.11 +0.01 +0.67 +0.88
Profile IV
Pb +0.18
Zn -0.03 +0.65
Sn -0.14 +0.50 +0.65
Bi +0.06 +0.25 +0.23 +0.16
Mo +0.13 +0.33 +0.23 +0.46 +0.25
W +0.10 +0.49 +0.44 +0.35 +0.31 +0.37

The sample size for profiles I, I, IIT and IV equaled 22, 21, 23 and 24, respectively. Statistically significant
correlation coefficients are highlighted in bold. Correlation relationships for W in profiles I and II were not
calculated, because its contents in all samples were below the detection limit of the SSA method (<2 ppm)

indicators for different types of ores. Based on the data
obtained, we can assume the presence of only two types
of mineralization. Ag—Pb ores are most clearly manifested,
which is due to its significant predominance over other types
of mineralization in the considered site. A strong relation-
ship was established for Ag—Pb (+0.75), moderate ones for
Pb—Zn (+0.45) and Ag—Zn (+0.36) (fine fraction). The cor-
relation links are also revealed for rare metal mineralization,
although uncertainly. The presence of this mineralization is
indicated by the moderate relationships W—Bi (+0.51) and
Mo-W (4+0.37) (fine fraction).

More clear relationships between the elements were
established by correlation analysis of samples taken along
individual profiles. In this case, the fine fraction of alluvium
was the most indicative (Table 2).

In profile I, which belongs to area influenced by the
Pestrinsk Mo—W prospect, clear relationships have been
established between the main indicator elements of this
mineralization type. The highest values of pair correla-
tion coefficients were found for Mo—Bi (+0.61) and Sn—Bi
(+0.47). For W, the relationships with other elements could
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not be established (including profile II), because its contents
in all samples taken along profile, I were below the detection
limit of the SSA method. Moderate relationships were also
established for Ag—Pb (+0.43) and Ag—Zn (+0.42), which
indicates the influence of Ag—Pb ores. At the same time,
these ores do not correlate at all with rare metal mineraliza-
tion, as evidenced by the moderate negative relationships
for Ag—Mo (—0.40), Ag-Bi (—0.30) and Pb—Sn (—0.41).

In profile II, where Sn—Ag mineralization of the Goltsovy
deposit (along with Ag—Pb ores) is exposed along the left
side of the Tap River valley, clear moderate relationships
were revealed for Sn—Zn (4+0.49), Ag—Sn (+0.45), Pb—Sn
(+0.45), Pb-Bi (+0.42) and Zn—Bi (+0.31). Nevertheless,
the main indicator elements of Ag—Pb ores have the highest
values of correlation coefficients. A strong relationship was
established for Ag—Zn (+0.80), moderate ones for Ag—Pb
(+0.68) and Pb—Zn (+0.68).

In profile III, the highest values of pair correlation coef-
ficients were typical for the main indicator elements of
Ag—Pb (Goltsovy deposit) and Sn—W (Kalyan prospect)
mineralization types. Ag—Pb ores are characterized by a
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strong relationship between Ag and Pb (+0.81), the main
elements. Pb—Zn (+0.54) and Ag—Zn (+0.41) had moder-
ate relationships. The presence of Sn—W mineralization is
indicated by a strong relationship for W-Mo (4 0.88) and
moderate relationships for W-Bi (+0.67), Mo-Bi (+0.58)
and Sn—Bi (+0.30). It should be noted that Ag—Pb and Sn—W
mineralization types do not correlate with each other. This
is indicated by the moderate negative relationships Ag—Bi
(—0.39) and Ag—Sn (-0.32).

Profile IV is characterized by a wide variety of correla-
tion relationships between elements. Both regular depend-
encies and non-typical relationships between elements have
been established. The moderate relationship for Pb—Zn
(4+0.65) may indicate the presence of polymetallic miner-
alization material in this profile. The rare metal minerali-
zation type is indicated by the moderate relationships for
Sn-Mo (+0.46), Mo—W (+0.37), Sn—W (+0.35) and Bi-W
(+0.31). At the same time, atypically high values of corre-
lation coefficients were revealed for some elements: Sn—Zn
(+0.65), Pb—Sn (+0.50), Pb—W (+0.49), W—Zn (+0.44)
and Pb—Mo (4 0.33). These correlation relationships may
indicate the mixing of material of different mineralization
(Ag—Pb+ Sn—Ag+ Sn—W) in profile IV. This is also clearly
visible from the AGF distribution of the considered elements
in this profile (Figs. 6, 7, 8).

5 Discussion

5.1 Results of sampling SSs of the Maly Ken
and Ken Rivers along profiles versus the results
of the geochemical survey of SSs at a 1:50 000 scale

When comparing results obtained in the study of AGFs of
Au and Ag in profile I with those before received in the
geochemical survey of SSs at a 1:50 000 scale over the same
area it was feasible to establish the advantages of our pro-
posed method. It is evident that in sampling along profile I
the Au and Ag anomalies were most distinctly uncovered.
The study of pattern of distribution and concentration levels
of Au and Ag in different fractions of alluvium showed that
the AGFs identified through fine fraction were maximally
contrasting and covering the largest areas. This particularly
concerns Au, its contents in this fraction were three times
higher than in the common one. The Au and Ag anoma-
lies, the main indicator elements of Au—Ag mineralization,
were located on the right side of the Maly Ken River valley,
closer to the mouth of the Krasin stream draining the Au—-Ag
prospect of the same name (Fig. 4). On this side, they were
covering also the largest areas.

In the geochemical survey of SSs at a 1:50 000 scale, with
collecting traditional prospecting fraction < 1 mm, the AGFs
of Au and Ag in this place of the valley were not detected.

The contents of these elements turned to be nearly back-
ground: Au<0.004 ppm at CR <2 (below detection limit of
the AAS method), Ag mainly <0.02 ppm at CR <0.2 (below
detection limit of the SSA method) (Fig. 9a, Table 3). The
reason is that while sampling in the large river valley the
alluvium material of a sample collected traditionally was not
representative at all. Only one sample was taken within the
entire valley width. The share of ore minerals in the analysed
common fraction was insignificant as compared to the fine
fraction collected along profiles.

Comparing the results obtained in the study of the AGFs
of Ag, Pb and Zn, the main indicator elements of Ag—Pb
mineralization, in profile II in the Ken River valley with the
results obtained in the geochemical survey of SSs at a 1:50
000 scale, indicated that the proposed method is advanta-
geous. The anomalies of Ag, Pb and Zn recognized through
the fine fraction in profile II showed high contrast and broad
distribution. The anomalies extended along the right side of
the valley, closer to place of confluence of Gorely stream
draining Ag—Pb ore zones of the Tidid deposit (Fig. 5). The
common fraction was less representative. The contents of
Ag, Pb and Zn in it were mainly low. The pattern of the
distribution of element contents was uncertain.

At the same time, sampling accomplished in traditional
geochemical survey of SSs at a 1:50 000 scale at the site of
profile II provided no positive results. The AGFs of Ag, Pb
and Zn in the common fraction of alluvium were not identi-
fied, and concentrations of these elements did not exceed
0.06 ppm (CR <0.6), 15 ppm (CR <0.75) and 100 ppm
(CR <2), respectively (Fig. 9b, Table 4). It is most likely,
that samples were taken close to the Maly Ken and Ken riv-
erbeds, showing minimal contents of Ag, Pb and Zn (Fig. 5).

5.2 Results of sampling SSs of the Tap River
along profiles versus the results of the geochemical
survey of SSs at a 1:50 000 scale

The results of examining alluvium sampled in the Tap
River valley by the proposed technique supported its effi-
ciency compared to the geochemical survey of SSs at a
1:50 000 scale. The alluvium fractions (common < 1 mm and
fine < 0.25 mm) displayed a distinct pattern of the composi-
tion and structure of exogenous AGFs of Ag, Pb, Zn, Sn, Bi,
Mo and W, the main indicator elements of Ag—Pb, Sn-Ag,
Sn—W and Mo—-W mineralization, in all four profiles. The
fine fraction of alluvium turned to be mostly informative.
It showed the highest concentrations of elements, and their
pattern of distribution was quite distinct.

The most contrasting AGFs of Ag and Pb extended along
the left side of the Tap River valley, its slopes and water-
shed hosting Ag—Pb and Sn—Ag ore zones of the Goltsovy
deposit (Fig. 6a, b). It is noteworthy that Ag AGFs with
contents > 1 ppm (CR > 10) extended from profile II and

@ Springer



652

Acta Geochim (2024) 43:638-660

a] T [b] T
o P-698 ]
/  pP-733 ®\/-62 g
N Profile Il °
2
& 7™ bprofiel A Vb
“&(/
P-732 ¢ W Tidid Ag-Pb |z
z \ \V-60 deposit _;g
. :
& /%1535 %
z
Krasin Au-Ag tﬁ
prospect ©
/ S 50 m V-58 @ 100 m
—_ | I
' ——L LS
155°16'00"E 155°16'30"E 155°16'30"E 155°17°00"E

Fig. 9 The locations of alluvium samples on the Maly Ken (a, b) and Ken (b) Rivers in geochemical survey of SSs at a 1:50 000 scale (frag-

ment). Tables 3 and 4 present element contents in samples

Table 3 Contents of Au and
Ag in the samples taken in
geochemical survey of SSs at a
1:50 000 scale on the Maly Ken
River (fraction < 1 mm)

Table 4 Contents of Ag, Pb
and Zn in the samples taken

No. sample  Element contents

(ppm)

Au Ag
P-731 <0.004 <0.02
P-732 <0.004 <0.02
P-733 <0.004 <0.02
P-698 <0.004 0.02
For sampling points, see

Fig. 9a. Results of the AAS
(Au) and SSA (Ag) methods.
Here and in Tables 4 and 5: the
analyses were carried out at the
IGC SB RAS

downstream through profiles IIT and IV, i.e. within the influ-
ence area of Sn—Ag and Ag—Pb mineralization, for which
Ag is the main typomorphic element. The Pb AGFs with
contents > 100 ppm (CR > 5) were recognized only in profile
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in geochemical survey of SSs
ata 1:50 000 scale on the
Maly Ken and Ken Rivers
(fraction < 1 mm)

No. sample  Element contents

(ppm)

Ag Pb  Zn
V-58 0.04 15 100
V-59 004 15 80
V-60 0.03 15 100
V-61 004 10 60
V-62 0.04 10 100
1535 002 10 60
V-63 0.06 15 100
For sampling points, see

Fig. 9b. Here and in Table 5:
results of the SSA method

III, in the influence area of Ag—Pb ores, for which this ele-
ment is the main one. Further, upstream of the Tap River
from profile II to profile I on the left side of the valley, where
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Fig. 10 The locations of alluvium samples on the Tap River in geochemical survey of SSs at a 1:50 000 scale (fragment). Table 5 presents ele-

ment contents in samples

Table 5 Contents of Ag, Pb,

Zn. Sn. Bi. Mo and W in the No. sample Element contents (ppm) No. sample Element contents (ppm)

samples taken in geochemical Ag Pb Zn Sn Bi Mo W Ag Pb Zn Sn Bi Mo W

survey of SSs at a 1:50 000

scale on the Tap River 18 1.5 50 100 15 1 5 <2 36 3 50 300 15 15 6 <2

(fraction <1 mm) 19 2 50 200 10 0.8 5 <2 37 3 50 300 20 1.5 5 <2
20 2 50 200 10 0.8 5 <2 38 3 50 200 20 2 5 <2
21 2 50 200 10 0.8 5 <2 39 3 50 200 20 2 5 <2
22 2 50 300 10 0.8 5 <2 40 3 50 300 20 2 6 <2
23 2 50 150 10 1 5 <2 41 3 50 300 20 2 6 <2
24 1.5 50 200 10 0.8 5 <2 42 3 50 400 20 2 5 <2
25 3 50 200 10 1 5 <2 43 3 50 300 20 15 5 <2
26 2 50 200 15 1 5 <2 44 1 50 300 15 2 5 <2
27 2 50 300 15 15 5 <2 45 2 50 300 20 2 5 <2
28 3 50 300 15 1 5 <2 46 2 50 300 20 2 5 <2
29 3 50 200 20 15 5 <2 47 2 50 200 30 15 5 <2
30 3 50 200 15 15 6 <2 48 2 50 200 20 15 5 <2
31 3 50 200 15 1 6 <2 49 2 50 200 20 2 5 <2
32 3 50 200 15 1 6 <2 50 2 50 200 20 3 5 <2
33 2 50 200 30 15 6 <2 sl 2 50 300 30 15 5 <2
34 2 50 200 15 1 6 <2 52 2 50 300 30 15 5 <2
35 3 50 200 15 15 6 <2 53 2 50 300 30 2 5 <2

For sampling points, see Fig. 10

Ag—Pb and Sn—-Ag mineralization is not available, as well
as towards the right side of the valley involving the rare-
metal prospects, the Ag and Pb concentrations noticeably
decreased up to nearly background.

A clear pattern was also observed for the most contrasting
AGFs of Zn. The Zn AGFs were identified on the left side
of the valley (profile III), within the influence area of Ag—Pb
mineralization of the Goltsovy deposit, for which Zn is typo-
morphic, and on the right side (profile IV), where the ore
bodies of the Kalyan Sn—W prospect crop out, for which this

element is also common (Fig. 6¢). Less contrasting fields of
Zn were found on the left side of the valley in profile II, with
Sn—Ag ore zones of the Goltsovy deposit. Zn is the second-
ary indicator elements for this type of mineralization.
Comparison with the alluvium samples collected at the
segment of the Tap River covered in survey of SSs at a
1:50 000 scale (fraction < 1 mm) showed that Ag concen-
trations in them did not exceed 3 ppm (CR <30), Zn mainly
300 ppm (CR < 6) (Fig. 10, Table 5). Through the entire
site, Pb contents amounted to 50 ppm (CR =2.5) (Fig. 10,
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Table 5). The pattern of distribution of these elements was
not revealed. It was impossible to locate from which side of
the valley loose sediments with such contents were trans-
ported. Attention should be paid to the high contents of Ag
found in traditional geochemical survey. In most samples,
they were 2—3 ppm (Table 5). In this case, the explanation
is simple. In the Tap River upstream, the samples were taken
at the foot of the left flat slope hosting unprofitable zones
of Sn—Ag mineralization. The ore material, even if not rich
in Ag content, arrives directly to the loose sediments of the
river. Downstream along the left side of the Tap River valley
does not show any outcrop of mineralization. The richest in
silver content Ag—Pb ore zones of the Goltsovy deposit are
located on the watershed remotely from the Tap River. The
loose material is transported to the Tap River by two water
streams draining these ore zones. While the SSs are being
formed, the supplied material is impoverished, so the Ag
concentrations decrease. As a result, there is no differentia-
tion in the Ag content in all samples collected within the val-
ley in the survey of SSs ata 1:50 000 scale. The Ag contents
are similar and do not depend on the scale and profitable
value of available mineralization.

The distinct pattern was also observed in the composi-
tion and structure of exogenous AGFs of Sn and Bi. The Sn
anomalies with contents > 100 ppm (CR > 25) were detected
only on the left side of the Tap River valley. They were iden-
tified in profile II, at the influence site of Sn—Ag ore zones
of the Goltsovy deposit (Fig. 7a). The less contrasting fields
of Sn with concentrations 40-100 ppm (CR = 10-25) had
a wider distribution. They were recognized in profiles II,
IIT and IV and were linked with Sn—Ag mineralization. The
Sn anomalies were well established on the right side of the
valley (profile IV), its slopes involving the Kalyan Sn—W
prospect. Whereas the maximally anomalous fields of Bi
with contents >4 ppm (CR > 40) extended only along the
right side of the river valley. They were identified in profile
IIT and show relationship with Kalyan prospect (Fig. 7b).
The Bi AGFs with contents 2—4 ppm (CR =20-40) were
revealed on the left side of the valley from profile II down-
stream through profiles IIT and IV. The effect of Sn—Ag ore
zones of the Goltsovy deposit and the flanks of its Ag—Pb
zones (profile IV) was obvious there. To summarize, in the
direction from the left side of the valley to the right one,
the following pattern is obvious: the Sn content in AGFs
decreased, and that of Bi content increased. This pattern
is explained by the outcrop on the left side of Sn—Ag ore
zones of the Goltsovy deposit, for which a higher Sn content
is common, while on the right side it is the Kalyan Sn—W
prospect, its ore zones having high Bi contents. Presence of
the least contrasting fields of Sn and Bi in the other parts of
the valley is explained by the fact, that ores are extremely
poor there, or there is unprofitable sulphide mineralization
typified by low contents of Sn and Bi.
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In the alluvium samples collected in survey at a 1:50 000
scale on the explored segment of the Tap River valley, the
Sn contents were <30 ppm (CR <7.5) and Bi mainly 2 ppm
(CR <20) (Fig. 10, Table 5). The more detailed analysis of
distribution of these elements along the flow provides some
specifics. In the samples, collected in the river upstream the
Sn contents were 10-20 ppm (CR =2.5-5), and downstream
they varied from 20 to 30 ppm (CR=5-7.5). The Bi contents
in the upstream were 0.8—1.5 ppm (CR =8-15), and down-
stream they were 2-3 ppm (CR =20-30). The tendency is
observed in increasing the Sn and Bi contents downstream,
that is linked with the supply in the alluvium of ore mate-
rial of Sn—Ag (flanks of the Goltsovy deposit) and Sn—W
(Kalyan prospect) mineralization. However, it was impos-
sible to locate the side of the valley from which loose sedi-
ments were transported, as in the case with Ag, Pb and Zn,
although the pattern of element distribution was recognized
in survey at a 1:50 000 scale.

For Mo and W, the main indicator elements of Sn—W and
Mo—W mineralization, even if they had low contents in SSs
of the Tap River, there was a clear pattern in the distribu-
tion (Fig. 8). The Mo and W anomalies were present only
in the right side of the valley, where its slopes expose the
rare-metal mineralization. To note, the exogenous AGFs of
Mo identified upstream in profiles I-III mainly occurred
at the sites of Mo—W mineralization (Pestrinsk prospect).
The W anomalies located downstream in profiles III and IV
commonly occurred at the sites of exposed Sn—W ore zones
(Kalyan prospect). This specific is explained by the evidence
that in Mo—W ores the Mo contents dominate over W, and in
Sn—W ores this element shows low grades versus W. Yet, the
left side of the Tap River valley was characterized by nearly
background contents of these elements, as on the slopes and
watershed the Ag—Pb and Sn—Ag mineralization (Goltsovy
deposit) is present, in which Mo and W are not typical.

Very low concentrations of Mo (<6 ppm, CR <3) close
to the background were identified in the traditional geochem-
ical survey of SSs at a 1:50 000 scale in alluvium of the Tap
River, when compared to the level of concentration of this
element in profiles (Fig. 10, Table 5). Any pattern of this
element distribution was not determined. The W anomalies
in the considered river section were not found as well. The
contents of this element were below detection limit of the
SSA method (<2 ppm, CR <2) (Fig. 10, Table 5).

5.3 Efficiency of sampling SSs of large river valleys
along profiles

The detailed investigations point out that the choice of the
technique for sampling loose sediments of large river val-
leys is truly critical. The traditional approaches of sampling
accepted in geochemical survey of SSs, under cryolithogen-
esis conditions of the arctic and subarctic landscapes showed
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low efficiency. To acquire the reliable information, the num-
ber of samples collected along the riverbed is insufficient. It
is often the case that in sampling procedure it is impossible
to establish the boundaries between the terraces above the
flood land and flood land itself, as well as the difference
between the loose material (alluvium) and colluvial sedi-
ments occurring near the slope foot.

In searching for diverse mineralization (e.g., Au—Ag,
Ag—Pb, Sn—-Ag, Mo—W and Sn—W), for a more reliable rec-
ognition of the AGFs of ore elements trough loose sediments
of large river valleys of IV order, in geochemical survey of
SSs under the cryolithogenesis conditions, the most effective
is sampling along the profiles located across these valleys.
The profiles should be placed below the mouth of lateral
tributaries of the river.

Specific features of composition and structure of the
exogenous AGFs discovered in the profiles oriented across
the river valleys, most completely reflect the ones of eroded
and drained deposits and prospects. The contents of indi-
cator elements of mineralization, although it depends on
many factors (relief, branching of drainage system, scales
and type of mineralization, morphology of ore bodies and
their position in space, predominance of physical weather-
ing over chemical processes, specifics of element behaviour
in supergene environments and their binding forms), are in
general regularly distributed.

The most contrasting exogenous AGFs tend to that side
of the valley, where its slope exposes ores. The qualitative-
and-quantitative composition of identified anomalies directly
depends on the composition of this ores.

Example 1. On the right side of the Maly Ken River
valley (profile I), closer to the place of the Krasin stream
confluence draining the Au—Ag prospect of the same name,
there were clearly established AGFs of Au and Ag, the main
ore-forming elements. Despite the relatively low values of
the correlation coefficients, it can be argued that there is a
relationship between these elements, although weak. Poor
correlation may be explained by the fact that a significant
part of the Ag anomalies is associated with a variety of sil-
ver minerals, which at the Krasin Au—Ag prospect is more
abundant than gold minerals. At the same time, gold is
represented only by electrum and kustelite. As a result, Ag
anomalies are almost not accompanied by Au anomalies.

Example 2. On the right side of the Ken River valley (pro-
file II), below the confluence of the Gorely stream draining
the Ag—Pb ore zones of the Tidid deposit there were AGFs
of Ag, Pb and Zn, the main indicator elements of the Ag—Pb
mineralization. Correlation analysis also confirmed clear
relationships between Ag, Pb and Zn.

Example 3. The maximally anomalous exogenous geo-
chemical fields of Ag and Pb, were distinctly identified at the
place where the slope (left side of the Tap River valley, pro-
file IIT) of Ag—Pb ore zones of the Goltsovy deposit emerges

on the surface. The less contrasting AGFs were typical for
Sn, Zn Bi, the secondary ore elements. The same pattern of
element distribution is characteristic for Ag—Pb ores of this
deposit. The Sn—Ag ore zones on the flanks of the Goltsovy
deposit (left side of the Tap River valley, profile II) were
marked by maximally anomalous exogenous fields of Sn and
Ag. The AGFs of less high contrast were identified for Bi,
Pb and Zn, the secondary ore elements. The same features of
element distribution are typical for Sn—Ag zones of the Golt-
sovy deposit. The anomalies of Sn, Bi, Mo and W, the main
indicator elements of rare-metal type of ores, tend to the
right side of the Tap River valley, its slopes host mineraliza-
tion of the Pestrinsk (Mo—W) and Kalyan (Sn—W) prospects.
The AGFs of Ag, Pb and Zn showed minor concentrations.
These elements are secondary and are found intermittently
even in the rare-metal ores itself. All established patterns
are also clearly reflected in the pair correlation coefficients.
SSs associated with Ag—Pb and Sn—Ag ore zones of the Golt-
sovy deposit are characterized by significant relationships
between Ag, Pb and Zn, and between Ag, Zn, Pb, Sn and Bi,
respectively. For SSs of rare metal mineralization, W, Mo,
Bi and Sn have distinct relationships.

This was the fine fraction (<0.25 mm) of alluvium that
was found to be most informative, as it had the highest con-
tents of the main indicator elements (Au, Ag, Pb, Zn, Sn,
Bi, Mo and W) of diverse mineralization and distinctly dis-
played the specific features in their distribution. Sampling
this fraction in the large river valleys present not difficulties.
Loose sediments are well formed, and the sandy silt material
is abundant.

The enrichment of the fine fraction of alluvium with ore
elements is typical for many deposits of Au, Ag and base
metals (e.g., Chork and Cruikshank 1984; Day and Fletcher
1989; Melo and Fletcher 1999; Ali et al. 2015; Yilmaz et al.
2015, 2017, 2019, 2020, 2022; Simmonds et al. 2016). The
Au and Ag deposits that we studied (Balygychan—Sugoy
trough, North—East of Russia) are not exceptions (Kravtsova
and Pavlova 2010; Kravtsova et al. 2010a, b, 2016; Mak-
shakov and Kravtsova 2018, 2021; Makshakov et al. 2019).
Most interesting results were obtained in studying loose allu-
vial sediments of streams draining the Au—Ag ores of the
Dukat deposit. It is noteworthy, this deposit is located 11 km
south of the Krasin Au—Ag prospect reported in this paper.
Examination of exogenous AGFs at the Dukat deposit also
confirmed the efficiency of using fine fraction for their dis-
covery and assessment. It was found that the largest amount
of ore minerals occurs in fraction < 0.25 mm of alluvial sedi-
ments. The highest contents of indicator elements of Au—Ag
mineralization was common for this particular fine fraction
of alluvium.

Some publications (Kravtsova and Pavlova 2010; Kravt-
sova et al. 2010a, b, 2016; Makshakov and Kravtsova
2018; Makshakov et al. 2019) report not only the results
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of investigations of the composition and structure of geo-
chemical fields identified through SSs. Significant pioneer-
ing information was also received on the binding forms
of indicator elements on the Au—Ag mineralization in the
secondary (supergene) environments. The investigations of
alluvial sediments in the water streams draining Au—Ag ore
zones of the Dukat deposit, showed that native gold proper is
found in the loose sediments mainly in the upstream. While
the ore material is being transported over the water flow,
it becomes impoverished. On the background of Au con-
centration decrease in the downstream clearly displays the
tendency of increasing the number of finely dispersed and
“invisible” Au associated with sulphide minerals, mainly
pyrite.

In volcanogenic Au—Ag deposits of the North—East of
Russia pyrite is the most widespread sulphide mineral and
main mineral-concentrator of Au in ores and SSs (Kravtsova
and Solomonova 1985; Kravtsova and Andrulaytis 1989;
Kravtsova 2010; Kravtsova and Pavlova 2010; Kravtsova
et al. 2010b, 2015, 2016). Pyrite concentrates gold both at
Au—Ag deposits, as well as the deposits of the other gold
ore formations (e.g., Wells and Mullens 1973; Cambel et al.
1980; Cook and Chryssoulis 1990; Fleet et al. 1993; Simon
et al. 1999; Pals et al. 2003; Palenik et al. 2004; Morishita
et al. 2008, 2018; Large et al. 2009; Thomas et al. 2011;
Deditius et al. 2014; Tauson et al. 2014; Zhang et al. 2018;
Gao et al. 2019; Large and Maslennikov 2020; Liu et al.
2020; Ishida et al. 2022; Kravtsova et al. 2022; Zhang et al.
2022; Ehrig et al. 2023; Lin et al. 2023).

The Krasin Au—Ag prospect is not an exception. We sus-
pect that pyrite is also the main mineral-concentrator of Au
both in ores of this prospect and in the supergene environ-
ments (alluvium). In loose sediments of the Krasin stream
draining the Au—Ag zones, the amount of pyrite in fine frac-
tion reaches 10%—15%. Based on previous data obtained at
the Dukat deposit (Kravtsova and Pavlova 2010; Kravtsova
et al. 2010b, 2016), we assume that the finely dispersed and
“invisible” impurity forms also represent the main bind-
ing forms of Au in pyrites of loose sediments of the Krasin
stream. In fact, pyrite is unsteady under supergene envi-
ronments. When in the water flow, it is easily oxidized and
destroyed. One part of impurity Au is easily adsorbed by iron
hydroxides if pyrite is broken, while the other one is partly
retained in its corroded and destroyed grains (Kravtsova and
Pavlova 2010; Kravtsova et al. 2010b, 2016). Therefore, the
fine fraction bearing the largest amount of this material is
particularly rich in Au.

6 Conclusions

The studies described herein provide the evidence that
the right choice of the technique is particularly essential
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for sampling alluvium in the large river valleys. The sam-
pling traditionally undertaken along the riverbeds or over
two parallel routes passing on both sides of the valley
closely to the slopes (generally accepted in geochemical
survey of SSs) seems to be ineffective. To reliably recog-
nize the AGFs of ore elements in geochemical surveys,
it makes sense to sample SSs in the large river valleys of
IV order along the profiles oriented across the valleys.

The geochemical fields identified by such sampling
clear reflect the composition and structure of eroded and
drained ore zones. Mostly contrasting AGFs are located
on that side of the valley where the slopes crop out the
mineralization; qualitative-and-quantitative composition
of identified anomalies is basically defined by the compo-
sition of this mineralization.

It was found out, that fine fraction (< 0.25 mm) of allu-
vium yields the most complete and accurate pattern of
the nature, specific features of distribution and concen-
tration levels of ore elements in loose sediments of large
water flows. It steadily has maximum contents of indica-
tor elements of mineralization. The described pattern of
their distribution within SSs is specified quite distinctly.
Sampling of fine fraction (sandy silt material) in the river
valleys of the IV order is easy as this material is available
in substantial amounts.

The technique developed for sampling loose allu-
vial sediments in the large river valleys to recognize the
AGFs appears to be simple. It can be used at all stages
of geochemical survey, let it be the prognostic evalua-
tion of mineralization on poorly studied areas, or detailed
investigations at the sites where a considerable amount
of prospecting and assessment works have been imple-
mented. The proposed method is promising in terms of
a broad use not only on the territories of the North—East
of Russia. It might also be employed effectively in the
other regions with similar landscape conditions, primar-
ily where stream sediments are formed under conditions
of cryolithogenesis.
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