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ABSTRACT:

Adamczyk, Z., Komorek, J., Nowak, J. and Lewandowska, L. 2020. The impact of a Neogene basaltoid intru-
sion on the distribution of rare earth elements and yttrium in Carboniferous rocks from the Sumina area, Poland
(SW part of Upper Silesian Coal Basin). Acta Geologica Polonica, 70 (1), 31-49. Warszawa.

The Neogene basaltoid intrusions found in the S-7 borehole in the Sumina area (USCB) caused transformations
of the adjacent Carboniferous rocks. The mineral and chemical compositions of the basaltoides are similar to
those of the Lower Silesian basaltoides. The transformations that took place in the vicinity of the intrusion were
manifested in the formation of natural coke, the secondary mineralization of these rocks (calcite, chlorite, zeo-
lites and barite) and in the specific distribution of rare earths (REY). Among REY, the light elements (LREY)
had the highest share, while the heavy elements (HREY) had the lowest share. Regardless of the lithological
type of the analyzed rock, with increasing distance from the intrusion, the percentage of MREY and HREY
elements increases at the expense of the light elements LREY. All analyzed distribution patterns of the REY's
are characterized by the occurrence of anomalies, which often show a significant correlation with the distance
of sampling points from the basaltoid intrusion. The specific distribution of REY's in the vicinity of the intru-
sion of igneous rocks is an indication of the impact of hydrothermal solutions associated with the presence of
basaltoides on the rocks closest to them located at a temperature of over 200°C.

Key words: Rare earth elements and yttrium (REY); Neogene basaltoid intrusion; Upper
Silesian Coal Basin (USCB).

INTRODUCTION rences of subvolcanic intrusion have been reported.
The effects of the interaction of volcanic intrusions

The peculiarities of contact metamorphism caused with country rocks, and with coal seams, have been

by an intrusion of magmatic melts may vary substan- described in many papers. The intrusions were mainly
tially, depending on the type of the intrusive body and basaltic, and located in the southwest part of the USCB
the distance from it. In the Carboniferous deposits of (Chodyniecka and Sankiewicz 1972, 1978; Duzniak

the Upper Silesian Coal Basin (USCB), several occur- et al. 1976; Jochemczyk 1984; Probierz et al. 1988;
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Text-fig. 1. The schematic map showing the distribution of Cenozoic volcanic areas (black fields and dots), main rift-related sedimentary basins
(dark grey) and Variscan massifs (medium grey) in the Central European region. Important post-Variscan faults are shown as thin black lines,
Alpine thrust front and main Variscan sutures are shown as black and grey barbed lines, respectively. Grabens and volcanic regions: BG — Bresse
Graben, CDG — Cheb-Domazlice Graben, E — Eifel Mts., H— Hegau, HG — Hesse Graben, LG — Limagne Graben, LRG — Lower Rhine Graben,
OG — OhfeRift Graben, RG — Lower Rhone Graben, U — Urach, URG — Upper Rhine Graben, V — Vogelsberg Mts. Variscanmassifs: BM —
BohemianMassif, BF — Black Forest, HZ — Harz Mts., VG — Vosges Mts. Crustal segments of the Variscan orogen: RHEN — Rhenohercynian,
SAX — Saxothuringian, MOLD — Moldanubian, TB — Tepla-Barrandian, USCB — Upper Silesian Coal Basin. Grabens, faults, and Alpine front
in the western part of the map are taken from Dézes et al. (2004) and Ulrych et al. (2011) with modifications

Probierz 1989; Kapuscinski et al.1990; Gabzdyl et
al. 1992; Kwiecinska 1992; Chodyniecka and Hanak
2000; Komorek et al. 2010; Matuszewska et al. 2015;
Smedowski et al. 2015; Adamczyk et al. 2018).

An S-7 borehole drilled during exploratory works
in the Sumina area, was located on the north-western
slope of the Jejkowice Basin, and it passed through
Quaternary sediments (clays and sands), Cenozoic
rocks (sandy claystones with marl and gypsum inter-
layers) and Carboniferous formations represented by
the marginal Gruszéw Beds (Upper Mississippian). In
the lithologically monotonous Carboniferous deposits,
a complex of basaltoides was found, which had already
been the subject of scientific research (Chodyniecka
and Sankiewicz 1978; Adamczyk et al. 2018).

As previously demonstrated, the Gruszéw Beds
occur in the form of claystones with minor inter-
bedding of mudstones and sandstones. Among this
succession, at depths of 611.95-612.8, 626.9—-627.70,
and 710.70-711.60 m, basaltoid dykes were encoun-
tered. Their thicknesses were 0.85, 0.80 and 0.90 m,
respectively (Text-fig. 1), and these intrusions were
attributed with qualification to the Cainozoic Central
European volcanic province.

The basaltoides have a holocrystalline porphyric
texture and an unoriented microstructure, and the
mineral compositions in the separate sections were
very similar. The phenocrysts are made of idiomor-
phic pyroxene (augite) and olivine. It is also notewor-
thy that the phenocrysts were altered, something that
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Text-fig. 2. The geological sketch of the Upper Silesian Coal Basin (Probierz et al. 2012, modified by Smedowski et. al. 2015), showing the lo-
cation of the research area. Explanations: 1 — Michatkowice saddle, 2 — Orlova fold, 3 — Jejkowice trough, 4 — Chwatowice trough, 5 — Ktodnica
fault, 6 — Zory-Piasek-Jawiszowice-Wysoka fault zone, 7 — Gorzyce-Bzie Zameckie-Czechowice-Kety fault zone

is manifested by the presence of pseudomorphs of
calcite, rarely of dolomite, chrysotile and antigorite
after olivine. Sporadically, the phenocrysts of pyrox-
ene were also altered and the products of this alter-
ation were observed at their edges in the form of chlo-
rites and iron oxides. Augite, magnetite, nepheline,
and carbonates were found in the groundmass. These
components are evenly distributed in the groundmass
in form of fine crystals. Zeolites were also found in
previously gas-filled pores.

Some former publications (Chodyniecka and
Sankiewicz 1978; Adamczyk et al. 2018) indicated
thatsandstone and claystone occurred in contact with
intrusions. The only signs of contact metamorphism
described in these publications were the formation of
a glaze coat and natural coke occurring in coal-rich
interlayers that accompanied the claystone, pointing
to thermal metamorphism.

So far, in the publications describing the impact
of the volcanic intrusions, thermal transformations
of organic substances have usually been given more
attention than the effects of metamorphism on the

country rocks accompanying the coal seams and
coal-rich interlayers. The most common result of
thermal metamorphism of coal is its conversion into
anthracite or natural coke.

In the case of the Sumina area, basaltoid intru-
sions display a direct contact with the country rocks
that accompany the coal seams in the USCB; only
in one case is there a contact with a thin coal inter-
layer. This enables the determination of the impact
of basaltoid intrusion on country rocks, in particular
on the distribution of rare earth elements in the zone
of the impact of the basaltoid intrusion influence.
Distribution of rare earth elements, in addition to
thermal transformations of organic matter, may be a
chemical indicator that determines the extent of this
metamorphism in the surrounding rocks, as magma
is the primary source of this group of elements.

This group includes 17 elements, i.e. 15 lantha-
nides (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, YD, and Lu) as well as Sc and Y. There are
several classifications of these elements that take into
account geochemical and economic considerations
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(Seredin 2010; Seredin and Dai 2012). If yttrium is
included, the following three subgroups are formed:
light — (LREY: La, Ce, Pr, Nd, Pm, Sm), middle —
(MREY: Eu, Gd, Tb, Dy and Y) and heavy — (HREY
—Ho, Er, Tm, Yb and Lu). Yttrium in nature is closely
associated with the lanthanides, since its ionic radius
is similar to that of Ho and its ionic charge is equal
to that of Ho. For this reason yttrium is sometimes
placed in the REY distribution patterns between Dy
and Ho (Bau 1996).

The REY distribution patterns are usually pre-
sented as graphs of REY concentration in the test
samples normalized to standard materials, relative to
their atomic number.

Due to their consistent behaviour in various geo-
chemical processes, rare earth elements and yttrium
have been widely used for many years as chemical
indicators of the sedimentation environment and
the history of coal deposits (Seredin 1996; Hower ef
al. 1999; Schatzel and Stewart 2003; Qi et al. 2007,
Seredin and Finkelman 2008; Seredin and Dai 2012;
Bau et al. 2014; Hower et al. 2015a, b; Dai et al. 2015,
Dai et al. 2016).

The anomalies of the content of elements such
as La, Ce, Eu, Gd and Y, and the enrichment or de-
pletion of light — LREY, middle — MREY, or heavy
—HREY elements are commonly used for the recon-
struction of the geochemical history of the deposit
(Hower et al. 1999; Mardon and Hower 2004).

The purpose of this work was to determine the
distribution of rare earths and yttrium (REYs) within
the contact zone of the basaltoid intrusion in the S-7
borehole in the Sumina area. Analysis of REY (L-,
M-, H-type) enrichment types and of some anomalies
will constitute an attempt to illustrate the geochem-
ical impact of a basaltoid intrusion on rocks associ-
ated with coal seams in the Sumina area.

It should be noted that previously geochemical
aspects were not examined in studies of the effects of
contact metamorphism within the system of basaltoid
intrusions and rocks accompanying coal seams in the
USCB.

SAMPLING AND TESTING METHODS

Research was based on 10 core samples col-
lected from a drill core of the S-7 borehole located
in Sumina in the west part of the USCB (Text-fig. 2).
The research included the determination of the min-
eral and chemical composition, including rare earth
elements, of two basaltoid intrusions and the adjacent
sedimentary rocks (country rocks) located both in
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Text-fig. 3. Samples localization in the geological profile of the
Sumina S-7 (USCB) with basaltoid intrusions
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their immediate vicinity and at some distance from
the contact (Text-fig. 3).

Samples were represented by lithologies typical
for the USCB rocks: sandstone (S1), claystones, and
transition rocks of the claystone-mudstone, mud-
stone-sandstone type (S15, S28 and S29). Unusual for
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the USCB Carboniferous deposits were basaltoids (B1
and B2) and the sedimentary rocks in contact with
the basaltoid intrusions (S7, S12, S24b) or a sample in
which the effect of this contact was observed (527).

Mineral constituents were identified by means
of microscope observations and X-ray diffraction
method (XRD). A Zeiss transmitted light microscope
with an image analyzer was used. A PANalytical
AERIS 1 diffractometer with a Cuy, lamp was used
for XRD. Spectra were recorded within the 20 angle
range of 7° to 77° during the time of 4.84 seconds at
40 KV voltage and 8 mA current.

The content of the mineral components in the sam-
ples was determined using the Rietveld method and
HighScore Plus computer software from Panalytical.

The chemical composition, including the content
of rare earth elements, was determined using the
ICP-MS method (inductively coupled plasma mass
spectrometry) on a Perkin Elmer SCIEX ELAN 6000
ICP-MS spectrometer in Activation Laboratories Ltd.
in Canada.

RESULTS AND DISCUSSION
Mineral composition

The sandstone in the analyzed profile (S1) is fine-
grained and of light grey colour with black coal lam-
inae and lenses. The mineral composition includes
quartz, orthoclase, biotite, muscovite, plagioclase,
rock clasts, and chlorite. The feldspars are present in
the form of idiomorphic grains, with well preserved
orthoclase, while plagioclases are partly illitized and
carbonatized. Biotite flakes are partly sideritized and
chloritized (Text-fig. 4A). The sandstone binder is
argillo-siliceous with siderite admixtures. Clay min-
erals are represented by kaolinite (Text-fig. 5). The
rock shows no signs of any transformation related to
the presence of the basaltoid intrusion, although the
presence of barite, ascertained by the XRD method,
may represent the result of such alteration.

The thermally transformed claystone (S7), contain-
ing natural coke resulting from the impact of basaltoid
intrusion B1, contains numerous vesicles and fissures
filled with calcite, dolomite and zeolites (mainly
philipsite), and chlorites (chamosite) (Text-fig. 4B), as
well as barite detected by XRD (Text-fig. 5). This may
be an indication of postmagmatic hydrothermal solu-
tions that accompanied the basaltoid intrusions in the
surrounding rocks (Adamczyk et al. 2018).

Basaltoid Bl, as shown in the previous studies
(Chodyniecka and Sankiewicz 1978; Adamczyk et

al. 2018), is dark grey in colour and has a holocrys-
talline porphyric texture and an unoriented, slightly
porous microstructure. Phenocrysts are represented
by pyroxenes (Text-fig. 4C) and olivine, both of
which usually were at various degrees of thermal
transformation (chloritization, carbonatization, ser-
pentinization). The groundmass contains pyroxenes
(augite), magnetite, nepheline, and zeolites. Pores, of
up to 5S0mm in size, contain crystallized carbonates
(mainly calcite), zeolites, and chlorite.

In thermally transformed claystone S12, being
dark grey in colour, and in contact with basaltoid
B1, numerous pores filled with zeolites, calcite, and
chlorite are present, as well as pseudomorphs of these
minerals after pyroxenes and olivine. The claystone
possibly contains laminae or lenses of organic mat-
ter. These have been transformed into natural coke,
the process of which has been accompanied by the
formation of devolatilisation pores, which were
subsequently filled with secondary minerals (ze-
olite — philipsite, calcite, and chlorite, Text-fig. 5).
Microscopic observations of the interface between
basaltoid and claystone revealed the presence of a
brown glazed coat (Text-fig. 4D).

The grey argillaceous mudstone S15 was seen
to contain quartz, muscovite, biotite, organic mat-
ter (mainly in the form of laminae and lenses), and
smaller quantities of orthoclase and rock clasts. The
binder, in addition to silica, contains illite (Text-
fig. 5). The rock shows no signs of transformations
related to the basaltoid intrusion.

Basaltoid B2 was formed similarly to basaltoid
Bl. In addition, pyroxenes with optical properties
of aegirine-augite (Text-fig. 4E), and fine grained
amphiboles difficult to identify microscopically were
found in the basaltoid. XRD helped identify olivines,
and among the zeolites — philipsite and natrolite.

In the thermally transformed, graphite contain-
ing, grey coaly shale S24b, being in contact with
basaltoid B2, and similarly to sample S12, numer-
ous pores are filled with secondary minerals (calcite,
zeolites and chlorite), as well as barite detected by
XRD (Text-fig. 5). Coal is converted into natural
coke. Sporadically, the natural coke contains pseu-
domorphs of secondary minerals after pyroxene phe-
nocrysts (Text-fig. 4F).

Dark grey coaly shale S27a exhibited contact
metamorphism in the form of natural coke occur-
rence. Numerous devolatilisation pores and fissures
are filled, as was the case with samples S12 and S24b,
with calcite and zeolites (Text-fig. 4G), rarely with
chlorites. Barite is identified in this sample by XRD.

The grey argillaceous mudstone S28 resembles
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Text-fig. 5. X-ray diffractograms of analysed samples in the profile of the Sumina S-7

<— Text-fig. 4. Microphotographs of rock samples in the profile of the Sumina S-7. A — Sample S1 — sandstone, biotite chloritization, PP light.

B — Sample S7 — natural coke, pores filled with calcite, dolomite, zeolites and chlorite, XP light. C — Sample B1 — basaltoid, pyroxene phe-

nocryst with concentric zoning and sector twins, XP light. D — Sample S12 — basaltoid-coke contact, coke covered with a brown glaze coat,

PP light. E — Sample B2 — irregular zeolite-calcite-chlorite aggregates, violet pyroxene crystals (aegirine augite) and ilmenite dendrites on the

right, PP light. F — Sample S24b — coke-basaltoid B2 contact, chlorite-zeolite pseudomorph after pyroxene, XP light. G — Sample S27a — a crack

in coke filled with calcite and zeolites, PP light. H — Sample S29 — argillaceous mudstone with fine crystals of barite, PP light. Explanation:
A-G magnification 100x, H magnification 200x; PP light — parallel polarisers, XP light — crossed polarisers
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sample S15; it has an oriented microstructure empha- :
sized by the presence of coal laminae. The following 50 4 [ ] - Pien range.of mals component
minerals are present in the rock: quartz, muscovite, 2 :;
and biotite, rock clasts, as well as orthoclase. Zircon —_
and garnets clasts were found sporadically. The rock E a0 + -
binder is siliceous argillic, with local siderite, chlorite £ B1
admixtures. The clay mineral is kaolinite (Text-fig. 5). §
Argillaceous mudstone S29 is grey in colour, and Eso T
in terms of mineral composition it is similar to the 38
sample S28; with some fine crystals of barite (Text- E,
fig. 4H) and chlorite. Barite presence was detected in §207T
XRD spectra (Text-fig. 5). E
o
L&)

Chemical composition

The major chemical constituents of the studied
basaltoids are SiO,, Al,03, Fe;030r), MgO, and CaO
(Table 1). Their contents are within the ranges most
commonly found in the Lower Silesian basaltoids
(Text-fig. 6). The remaining main oxides (TiO,,
MnO, Na,0, K,O and P,0s) present in smaller quan-
tities, although the high values of loss on ignition
(LOI) are notable: 7.45 wt.% in sample the Bl, and
8.14 wt.% in the sample B2. These high LOI values
are mainly related to mineral composition of the ba-
saltoids, principally to the presence of calcite, zeo-
lites, and chlorite.

The chemical compositions of the country rocks
in contact with basaltoids — samples S7, S12, and
S24b — differ both from those of the basaltoid and of
the other sedimentary rocks in the profile. This is due
to the relatively high loss on ignition, which is related
to the presence of large amounts of calcite, zeolites,
chlorites, and organic matter identified by micro-
scopic observations and XRD. High calcite content
is also evidenced by the highest CaO shared among

-
o

mlﬂyﬂmm

Ca0 Na,0 KO

Si0, TiO, ALO, FeO,,, MgO

Text-fig. 6. Contents of main components in the basaltoides from
Sumina region on the general background of the Lower Silesian
basaltoides

the examined Carboniferous samples. At the same
time, the contact rock samples show relatively low
Al,05 and SiO, content as compared to that in both
basaltoids and other rocks.

Also noteworthy is the high proportion of BaO in
the samples of the country rock-basaltoid boundary,
being in the range of 0.42-2.92 wt.% (S7, S24b), apart
from the sample S12 (0.04 wt.%). The BaO contents
in the studied Carboniferous rocks from the Sumina
area were compared with the average content in the
Carboniferous rocks of USCB — the Zat¢ze and Ruda
s.s. Beds (Kokowska-Pawtowska 2018). It unequiv-
ocally indicates that sedimentary rocks from the

Chemical component Sample
S1 S7 Bl S12 S15 B2 S24b S27a S28 S29
SiO, 54.36 23.56 36.53 34.45 59.60 39.26 40.28 41.31 58.97 61.95
TiO, 0.98 1.53 2.71 0.52 0.84 2.84 3.03 0.47 0.88 0.76
AlLO4 15.63 6.97 10.83 14.08 19.49 11.23 12.95 13.99 18.46 18.23
Fe;05401) 10.68 9.45 13.19 2.96 4.44 12.94 13.64 1.87 6.26 4.89
MnO 0.13 0.16 0.19 0.19 0.04 0.16 0.07 0.02 0.06 0.04
MgO 2.76 5.38 10.41 1.68 2.00 8.45 7.23 1.08 2.31 1.84
CaO 0.56 15.90 14.71 18.38 0.44 13.92 5.88 0.70 0.45 0.44
Na,O 1.24 1.57 2.52 0.54 1.33 1.97 2.58 1.33 1.67 1.78
K,0 4.22 0.80 0.75 3.18 4.27 0.60 0.62 2.62 341 3.30
P,05 0.22 0.69 1.19 0.09 0.19 1.05 1.12 0.11 0.23 0.22
BaO 0.08 2.92 0.08 0.04 0.05 0.09 0.42 0.04 0.05 0.04
LOI 8.86 30.92 7.45 23.29 7.70 8.14 12.38 37.04 7.44 6.15
Total 99.71 99.85 100.57 99.41 100.39 100.64 100.20 100.58 100.19 99.65

Table 1. The chemical composition of examined samples (%mas.)
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Sumina area usually have a higher BaO content than
in the compared rocks, as the average for the latter, is
in the range of 0.06 to 0.07 wt.%. It seems, therefore,
that the presence of barite, which was documented
in the mineral composition of the samples, is related
to the effect of hydrothermal solutions derived from
basaltoid intrusions.

The remaining rock samples (S1, S15, S28, and
S29) displayed chemical compositions typical of their
lithological counterparts from the USCB. Chemical
constituents occur at similar concentrations, the
dominating ones being SiO, and Al,Os. Only the
high content of Fe,O3) and high LOI in the sand-
stone sample Sl are noteworthy. This may be due to
the presence of siderite.

Rare earth elements and yttrium (REY) in the
rocks of the Sumina area

REY content in the analyzed rock samples varied
between 157.68 (sample S1) and 380.94 ppm (sample
Bl) (Table 2). The highest REY content, over 300
ppm, was determined in basaltoid samples (Bl, B2)
and in the sample S24b from the basaltoid-country
rock boundary. In other samples the REY concen-
tration does not exceed 300 ppm. LREY concen-
tration varies between 120.25 ppm (sample S1) and
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32770 ppm (sample Bl). MREY content varies be-
tween 26.83 ppm (sample S7) and 56.26 ppm (sample
S29). The samples have a heavy rare earth element
(HREY) content, ranging from 4.23 ppm (sample S7)
to 10.12 ppm (sample S29).

The studied Carboniferous rocks from the Sumina
area usually show higher REY concentrations than
those of the Carboniferous rocks of the USCB — the
Zaleze and Ruda s.s. Beds (Kokowska-Pawlowska
2018). And although, as in the case of sandstones, the
average content of REY for the Zal¢ze and Ruda s.s.
Beds layers is 188 ppm, and for the sandstone sample
S1 it is 157.68 ppm, in other cases the contents can
be compared are as follows: argillaceous mudstone —
216 and 258 ppm (S15), 284 ppm (S28) and 296 ppm
(S29); coal shale — 175 ppm and 321 ppm (S24) and
177 ppm (S27); claystones — 218 ppm and 207 ppm
(S7) and 162 ppm (S12).

Among rare earth elements, the light elements
(LREY) displayed the highest share (above 75%) in
the total rare earth element budget. Heavy elements
(HREY) have the lowest share, not more than 4% of
the total REY budget (Text-fig. 7, Table 2).

Although the absolute content of rare earths and
yttrium in the analyzed samples is differentiated, a
significant negative correlation (r = -0.77, p = 0.01)
was found between the percentage of LREY and the

Y [ La [ ce | Pr [ Nd [ Sm [ Eu [ Gi | To | Dy | Ho | Er [ Tm [ Yb [ Lu
Sample
[ppm]
S1 21 264 | 552 | 665 | 263 | 57 | 119 | 45 0.7 43 08 | 22 |032]21] 032
S7 15 443 822 | 886 | 340 | 63 | 153 | 5.6 0.7 4.0 0.7 1.7 | 023 | 1.4 | 020
BI 28 85.7 | 158.0 | 155 | 57.7 | 108 | 338 | 9.1 12 5.8 10 | 24 |030 | 1.8 | 026
S12 20 322 | 590 | 625 | 243 | 49 | 101 | 41 0.6 3.8 08 | 21 |031]20 | 031
S15 35 455 94.1 10.1 | 404 | 83 | 140 | 7.1 1.1 6.2 13 | 35 | 051 34| 050
B2 29 742 | 1420 | 142 | 548 | 101 | 331 | 9.1 12 6.0 09 | 25 | 031 | 18] 027
S24b | 19 770 | 1360 | 13.0 | 473 | 88 | 245 | 7.1 1.0 5.0 08 | 20 | 025| 14| 0.18
S27a | 21 33.3 673 | 717 | 277 | 56 | 097 | 44 | 06 3.5 0.7 | 20 | 031 |20/ 029
S28 36 503 | 107.0 | 111 | 447 | 91 | 131 | 77 12 6.6 13 | 35 | 053 37| 055
$29 38 522 | 1100 | 117 | 463 | 95 | 136 | 84 1.3 7.2 14 | 38 | 05538 | 057
REY | LREY | MREY | HREY | LREY |MREY |HREY | Euy/ | Gdy/ | Cen/ | Lay/ | Lay/
Sample
[ppm] [%] Euy® | Gdys | Cex* | Lay* | Luy*
SI | 157.68 | 120.25 | 31.69 | 574 | 7626 | 20.10 | 3.64 | 1.12 | 1.03 | 095 | 1.12 | 0.88
S7 |206.72| 175.66 | 26.83 | 423 | 8497 | 1298 | 2.05 | 134 | 123 | 094 | 131 | 236
Bl |380.94| 327.70 | 4748 | 576 | 86.02 | 1246 | 1.51 | 1.72 | 1.17 | 098 | 135 | 3.52
SI12 | 161.68 | 126.65 | 29.51 | 5.52 | 7833 | 1825 | 341 | 1.10 | 1.09 | 094 | 139 | L1I
SI5 |258.41| 198.40 | 50.80 | 9.21 | 76.78 | 19.66 | 3.56 | 0.88 | 1.06 | 1.00 | 131 | 097
B2 |349.69| 29530 | 48.61 | 578 | 84.45|13.90 | 1.65 | 1.77 | 120 | 099 | 139 | 2.93
S24b |321.28 | 282.10 | 34.55 | 4.63 | 87.81 | 1075 | 144 | 152 | 1.10 | 097 | 1.38 | 4.56
S27a | 176.84 | 141.07 | 3047 | 530 | 79.77 | 1723 | 3.00 | 096 | 1.11 | 099 | 123 | 1.22
S28 |284.59 | 22220 | 52.81 | 9.58 | 78.08 | 18.56 | 3.37 | 0.75 | 1.05 | 1.03 | 134 | 098
$29 |296.08 | 229.70 | 56.26 | 10.12 | 77.58 | 19.00 | 342 | 0.74 | 1.07 | 1.01 | 126 | 098

Table 2. The REY content in the examined samples
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Text-fig. 7. The normalized concentrations of LREY, MREY and HREY in analyzed samples

distance of the sample from the basaltoid dyke (Text-
fig. 8). Also significant strong correlations, although
in these cases positive ones, are found between
MREY r = 0.76, p = 0,01) and HREY (r = 0.80, p =
0.005) concentrations in the samples and the distance
from the intrusion. This means that, regardless of the
type of the analyzed sample, with increasing distance
from the intrusion, the amount of MREY and HREY
elements increases at the expense of LREY.

In order to determine the degree of enrichment
of the samples in rare earths, the REY content deter-
mined in the samples is normalized against its con-
tent in reference rocks. The rocks most often selected
for reference are those of a similar origin, which un-
derwent similar geochemical differentiation during
their formation. The content of rare earth elements
is usually normalized against chondrites, and in the
case of sedimentary rocks to the Upper Continental
Crust — UCC (Taylor and McLennan 1985), North
American Shale Composite — NASC (Gromet ef al.
1984) or Post-Archaean Australian Shale — PAAS
(Taylor and McLennan 1985).

Most of the analyzed rocks in the S-7 borehole
profile in the Sumina area are sedimentary rocks,
hence the normalization of REY content against UCC
was applied here.

With regard to the distribution of REY in com-

parison to UCC, the samples may be classified into
the following groups: enriched with: LREY — L
type (ratio Lay/Lux>1), MREY — M type (ratio Lay/
Smy<1 and Gdy/Luy>1) and HREY — H type (ratio
Lay/Luyn<1). The distribution pattern of each type
may have a positive or negative anomaly of differ-
ent amplitudes for different elements because their
behaviour in the environment may differ from that
of other REYs. Subtypes and intermediate types can
be distinguished with regard to occurring anomalies
(Seredin and Dai 2012; Hower et al. 2013).

Analysis of the REY distribution in the samples
has shown that the distribution patterns in basaltoids
(samples Bl and B2) belong to the L-M type (Text-
fig. 9). Similar characteristics (L-M type) also ob-
served in samples taken at distances of 0.35 to 0.65 m
from the basaltoid dykes (samples S7, S12, S24b and
S27a). Distribution patterns determined for samples
of other rocks taken at distances of 0.80 to 1.25 m
from the intrusion have M-H type.

All analyzed REY distribution patterns are charac-
terized by the various types of anomalies. In the case
of distribution patterns in samples from the Sumina
area, anomalies in Eu, Gd, La, and Ce were analyzed.

The obtained results show that some of the ana-
lyzed patterns are characterized by a bulge, mainly
within the range between Nd and Y, with a maximum
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Text-fig. 8. The relationship between LREY, MREY i HREY content and the distance from the sampling point to the basaltoid dykes.
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Text-fig. 9. Distribution patterns of REY in analysed samples. REY are normalized to average concentrations in Upper Continental Crust
(UCC) (Taylor and McLennan 1985)

(positive anomaly) for Eu. These patterns were de-
termined for samples B, B2 S1, S7, S12, and S24b.
Distribution patterns determined for samples S15,
S27, S28, and S29 are characterized by a negative Eu
anomaly.

The value of the europium anomaly for was deter-
mined from the formula (Dai et al. 2016):

EMN/EMN* = EuN/(O67SmN+ 033TbN) (1)

Application of the above formula helped to avoid
interference of this anomaly with an anomaly for
gadolinium.

The value of the positive Eu anomaly varies from
1.10 in sample S12 to 1.77 in sample B2 (Table 2). The
highest Eu anomalies of 1.72 and 1.77 were deter-
mined in samples Bl and B2, respectively. Positive
Eu anomalies of 1.10 and 1.52 were also found in rock
samples S1, S7, S12 and S24b. The value of the Eu
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negative anomaly varied from 0.74 in sample S29 to
0.96 in sample S27a.

A significant negative correlation (r = -0.88, p =
0.0008) was found between the value of Eu anom-
aly and the distance from the sampling point to the
basaltoid dyke (Text-figs 10 and 11). The results ob-
tained indicate that nearly all distribution patterns
of samples taken at over 0.60 m from the basaltoid
intrusion showed a negative Eu anomaly. The sam-
ple S1 taken 1 m away from the basaltoid dyke rep-
resents the single exception and has a positive Eu
anomaly.

The positive Eu anomalies in sedimentary rocks
may result from the action of hydrothermal solutions
associated with the igneous rocks, e.g. igneous intru-
sions. Sedimentary rocks that have been subjected to
the impact of basaltoid intrusions are characterized
by positive Eu anomalies (Xiao et al. 2004; Bau et al.
2014; Dai et al. 2016).

The presence of a negative Eu anomaly may indi-
cate that the rock was subjected to the action of hydro-
thermal solutions at a temperature of less than 200°C.
On the other hand, a strong positive Eu anomaly would
be expected when temperature of hydrothermal solu-
tions was higher than 200°C acted on the rock (Dai et
al. 2016). This relationship is confirmed by the distri-
bution of Eu anomalies in the studied profile.

All analyzed distribution patterns are character-
ized by the occurrence of a positive Gd anomaly. This

2.0

Eup/Euy®

Euy/Euy* =-0.80D+1.65
r=-0.88, p=0.0008

0.6

0.0 02 0.4

Text-fig. 11. The relationship between Eu anomaly value

0.6 0.8 1.2
Distance [m]

1.4

and the distance from the sampling point to the basaltoid dykes.
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anomaly is very pronounced in patterns in which a
negative Eu anomaly was found. In patterns with a
positive Eu anomaly, the Gd anomaly partially over-
laps with the Eu anomaly (samples S15, S27a, S28
and S29).

The value of the Gd anomaly was determined
from the formula (Bau and Dulski 1996; Dai et al.
2016):

GdyIGAN* = Gdy/(Smy-0.33 +0.67Thy) (2)

The value of the positive Gd anomaly varied from
1.03 in sample S1 to 1.23 in sample S7 (Table 2). The
basaltoid samples B1 and B2 have high values of this
anomaly, 1.17 and 1.20, respectively. In other rock
samples, the Gd anomalies have lower values be-
tween 1.03 (sample S1) and 1.11 (sample S27a).

A significant negative correlation (r = -0.77, p =
0.01) was found between the value of the Gd anom-
aly and the distance from the sampling point to the
basaltoid dykes (Text-figs 12 and 13). Our results
indicate that all samples taken at points over 0.70 m
from the basaltoid intrusion have Gd anomaly val-
ues less than 1.10. The occurrence of this anomaly
is most often related to the impact of sea water, of
hydrothermal solutions, and of other waters on rocks
(Bau 1996). All these factors cause the appearance

1.24 ¢ =

1.22 ¢

1.20

1.18

1.16

Gdy/Gdy*

1.12

1.10

1.08

1.06 ¢

1.04 ¢

1.02

Gdy/Gdy*=-0.12D+1.18
r=-0.77, p=0.01

0.0

0.2
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0.8
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12

1.4

Text-fig. 13. The relationship between Gd anomaly value and the distance from the sampling point to the basaltoid dykes
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of a positive Gd anomaly. In the case of the analyzed
samples, this anomaly is probably related to the im-
pact of hydrothermal solutions that accompany the
basaltoid intrusion.

All analyzed distribution patterns have a posi-
tive La anomaly, the value of which is determined
from the formula (Bau and Dulski 1996; Dai et al.
2016):

LaN/LaN* = LdN/(3'PI"N+ 2NdN) (3)

The value of the positive La anomaly varies from
1.12 in sample SI to 1.39 in samples S12 and B2
(Table 2). The basaltoid sample Bl shows an anom-
aly of 1.35. It should be noted that in most of the
samples, the value of this anomaly exceeds 1.30.
Samples S1, S27a and S29 were exceptions, for them
these values were equal to 1.12, 1.23 and 1.26, re-
spectively.

The values of La anomalies determined for ba-
saltoids are typical for basaltoids characterized by
low or high Ti content (Dai et al. 2016). The content
of TiO, in our the basaltoids was 2.71 and 2.84%,
respectively.

A significant negative correlation (r = -0.67, p =
0.03) was found between the value of the La anom-
aly and the distance from the sampling point to the
basaltoid dyke (Text-figs 14 and 15). High values of

1.45 -
Lay/Lay*=-0.14D+1.39
1.40 “51 r=-0.67, p=0.03
oo
1.35
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3
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- 1.25
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Text-fig. 15. The relationship between La anomaly value and the distance from the sampling point to the basaltoid dykes
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the anomaly in rocks near the basaltoid dykes may in-
dicate an effect of an interaction of igneous solutions
with sedimentary rocks in the Sumina area.

All analyzed distribution patterns are character-
ized by Ce anomaly between 0.94 (sample S17 and
S12) and 1.03 (sample S28) (Table 2). The value of
this anomaly was determined from the formula (Bau
and Dulski 1996; Dai et al. 2016):

CeN/CeN* = CeN/(O-S'LaN+ OSPrN) (4)

The results indicate that cerium in the analyzed
samples shows either a weak positive, weak neg-
ative or no anomaly. In the case of this anomaly,
no relationship was found, indicating no impact of
basaltoid intrusion on the size of the anomaly (Text-
fig. 16).

The ratio of normalized Lay/Luy content was an-
alyzed in all samples. This ratio varied from 0.88 in
sample SI to 4.56 in sample S24b (Table 2).

In basaltoid samples Bl and B2 this ratio is equal
to 3.52 and 2.93, respectively.

A significant negative correlation (r = -0.70, p =
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Text-fig. 16. Distribution of Ce anomaly value in in the profile of
the Sumina S-7
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Text-fig. 17. The changes of the Lay/Luy ratio value in the profile
of the Sumina S-7

0.02) exists between the Lay/Luy ratio and the dis-
tance from the sampling point to the basaltoid dykes
(Text-figs 17 and 18).

The results obtained indicate that in samples
taken at a point less than 0.70 m (S7, S12, S24b, S27a)
from the basaltoid intrusion this value exceeds 1.
These samples are also characterized by an REY dis-
tribution pattern of L-M type. In other samples this
value is lower than 1 (between 0.88 and 0.98). These
samples are also characterized by an REY distribu-
tion pattern of the M-H type.

CONCLUSIONS

The Neogene basaltoid intrusions intersected
by the the S-7 borehole in the Sumina area (USCB)
caused transformations of the adjacent Carboniferous
rocks. The mineral and chemical compositions of the
studied basaltoids are very similar to those of the
Lower Silesian basaltoids.
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Text-fig. 18. The relationship between the value of Lay/Luy ratio and the distance from the sampling point to the basaltoid dykes

The transformations that took place in the vicin-
ity of the intrusion were manifested in the formation
of natural coke at the contact between country rocks
and basaltoids, as well as in the secondary mineral-
ization of these rocks, following the specific distribu-
tion of rare earths in vicinity of the intrusion.

Among the secondary minerals present in the
Carboniferous rocks, calcite, chlorite and zeolites
were found, as well as barite.

The studied Carboniferous rocks from the Sumina
arca usually show higher BaO and REY contents
than those of the Carboniferous rocks of the USCB —
the Zaleze and Ruda s.s. Beds.

Among rare earth elements, the light elements
(LREY) occupy the highest share (above 75% of all
REYs), while the heavy elements (HREY) show the
lowest share (< 4% of all REYs).

The results of the study indicate that regardless
of the lithological type of the analyzed rock samples,
with increasing distance from the intrusion, the per-
centage of MREY and HREY elements increases at
the expense of the light elements LREY.

The distribution patterns determined for samples
of basaltoids and country rocks taken at distances
of up to 0.65 m from the basaltoid dykes display the

characteristics of the L-M type. Distribution patterns
determined for rocks located at distances of more than
0.80 m present the characteristics of the M-H type.

All analyzed distribution patterns of the REYs
are characterized by the occurrence of various types
of anomalies, which often show a significant cor-
relation with the distance of sampling points from
the basaltoid intrusions. This applies mainly to the
anomalies of Eu, Gd, La, while the Ce anomaly does
not show such a correlation.

The specific distribution of REYs in the vicin-
ity of the intrusion of igneous rocks is an indication
of the impact of hydrothermal solutions associated
with the presence of basaltoids on the rocks closest to
them. The temperature of these solutions is invoked
to be higher than 200°C.
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