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INTERNATIONAL SYMPOSIUM

Metallogeny of Precambrian Shields
Ukraine, 2002

FIRST CIRCULAR

The organizing committee of the international symposium "Metallogeny of Precambrian
Shields", representing the State Geological Survey of Ukraine and the National Academy of
Sciences of Ukraine, in co-operation with the GEODE Programme, has the honor of inviting
you to participate in the

INTERNATIONAL SYMPOSIUM
"METALLOGENY OF PRECAMBRIAN SHIELDS"
Kyiv, Ukraine, September 18 to 20, 2002

The Symposium will be held in Kyiv, Ukraine, on September 18-20th 2002. The
symposium will include technical and poster Sessions and pre- and post-symposium field
trips to mineral deposits of interest. The meeting isdesigned to create a forum for a broad
debate on the most significant advances in the geology and metallogeny of Precambrian
Shields.

Chairman of the Organizing Committee: Dmytro Gursky, Head of the Department on
Geology and Utilization of Mineral Resources of Ukraine, Kyiv, Ukraine
Co-Chairman: Krister Sundblad, Professor of Geology at Turku University, Finland

ABSTRACTS

All Abstracts must reach the organizing committee by e-mail no later than February
1st, 2002. Abstracts will be reviewed by the scientific program committee of the symposium.
Authors whose abstracts are accepted for presentation, and who have registered for the
symposium, will be informed by May 1st, 2002.

All abstracts must be in English and no more than 500 words, including references. The
abstracts will be published, together with the field trip guide, in a special publication available
at the meeting. Authors are encouraged to submit illustrations (black and white) and tables
together with abstracts. The abstracts should be submitted in MS Word 97/2000 orcompatible
formats. For illustrations, Adobe Illustrator or Corel Draw file formats are preferred, while
for the raster images, GIF or JPG formats are acceptable. Please note that for raster image
file, a minimum of 300 dpi resolution is required. Please contact the organizing committee
for other formats.

REGISTRATION
Registration fees:
Symposium members — US$300
Accompanying members — US$150
Students and young scientists (under 35 years) — US$150

Early delegate registration fee up to 31st March 2002:  US$250
Normal delegate registration fee after 1st April 2002: US$300

The registration fees include the right to attend scientific events, to receive the symposium
publications, souvenir and to take part in social events organized for the symposium. The
registration fee also covers shared accommodation and all meals during the symposium. For
those requiring single accommodation, this will be possible at an additional cost of US$ 20
per day. For East Europeans registration fees can be reduce on personal request, based on
GEODE-funding. Please inform the organizers of special requests as soon as possible.
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Payment of the amount in full should be sent to account:

BENEFICIARY'S NAME: YASKEVICH TETYANA
PASSPORT: KA N843574
BENEFICIARY'S ACCOUNT: No. 84026203368

BENEFICIARY'S BANK:
STATE OSCHADNY BANK OF UKRAINE JSC KIEV UA
ACC / 04-095-334
SWIFT: COSB UA UK KIEV
SENDERS TO RECEIVER INFORMATION:
OPERU KIEV CITY, MINSKOE BR 8142
INTERMEDIARY BANKS: AMERICAN EXPRESS BANK N.Y.
SWIFT AEIB US 33
BANKERS TRUST COMPANY N.Y.
SWIFT BKTR US 33
CITIBANK N.A. N.Y.
SWIFT CITI US 33

Please, include the following information: your name, registration fee for Symposium MPS’2002
Please, register for the Symposium on the enclosed registration form.

For general enquiries including abstracts, registration, accommodation and for further programme
information please contact:

Symposium Secretariat

13A Tymoshenka str. #128
KYTV, 04212, UKRAINE
Tel./FAX (380) 44-295-72-98
e-mail: bt@ukrdgri.gov.ua

For registration, please complete the registration form below and e-mail this to the Organizing
Committee as soon as possible, but not later than 1st April 2002.

FIELD TRIPS

All field trips are offered subject to there being sufficient numbers of people wishing to attend.
Costs are based upon shared accommodation and include meals, packed lunches, guidebook,
transportation and taxes.

PRE-SYMPOSIUM FIELD TRIP (1):
Archaean-Proterozoic Metallogeny of the western part of the Ukrainian Shield

Participants: Maximum — 30; Minimum — 5. Cost: US$300

Trip Begins: Kyiv, Friday, September 13th, 2002. Transportation will be provided to Uman’
where the excursion begins Saturday morning.

Trip Ends: Tuesday 17th, 2002, with return transportation to Kyiv.

Description: This four-days excursion provides an introduction to the geology, tectonic setting,
and mineral deposits of the western part of the Ukrainian Shield.

The trip will mainly focus on:

a) The Mays’ke deposit (Au);

b) The Zaval’evs’ke deposit (graphite);

¢) The Vatutins’ke deposit (U);

d) Ni-Cr deposits of the Pobuzhia;

e) Volyn region (native Cu);

f) Ti-deposits, related to the Korosten” Complex;

g) Pegmatites, related to the Korosten” Complex.

POST-SYMPOSIUM FIELD TRIP (2):
Archaean-Proterozoic Metallogeny of the southeastern part of the Ukrainian Shield
Participants: Maximum — 30; Minimum — 5. Cost: US$320
Trip Begins: Kyiv, Friday, September 20th, 2002. Transportation will be provided to Kriviy Rig

where the excursion begins Saturday morning.
Trip Ends: Wednesday 25th, 2002, with return transportation to Kyiv.

6 ISSN 0204-3548. Mineral. Journ. (Ukraine). — 2001. — 23, N 5/6



Description: This five-days excursion provides an introduction to the geology, tectonic setting,
and mineral deposits of the southeastern part of the Ukrainian Shield. The trip will mainly focus on:

a) Deposits of the BIF formation in the Kriviy Rig region (Fe) and the Krivorizhs’ka Superdeep
drillhole;

b) The Verkhovtsevs’ka and Surs’ka Greenstone belts and related gold deposits (Au);

¢) The BIF-related Surozhs’ke deposit (Au) and Balka Kruta pegmatite-related rare metal
deposit;

d) The Azovs’ke and Mazurovs’ke alkaline complex hosted deposits (TR and rare metals);

e) Spectacular shore line, coastal abrasion and monatsite placers of the Azov Sea.

Please, distribute this information to anybody you might think would be interested in the

Symposium!
DEADLINES

Return of Preliminary Questionnaire
Abstract submission deadline

Return of Registration Forms
Second Circular distributed

Full payment of pre-registration
Full payment of Field trips

Letter of Invitation for Visa

Pre Symposium Field Trip

Session of the Symposium

Post Symposium Field Trip

January 1st, 2002
February 1st, 2002
February 15th, 2002
April 1st, 2002

May 1st, 2002

May 15th, 2002

June 1st, 2002
September 13—17, 2002
September 18—20, 2002
September 2125, 2002

REGISTRATION FORM

Please, return this form by e-mail or FAX to:
Symposium Secretariat 13A Tymoshenka str., #128 KYIV, 04212, UKRAINE Tel./FAX (380)
44-295-72-98 e-mail: bt@ukrdgri.gov.ua

NAME:

Sex:
Male
Female

Company/Organization:
Position:

Address:
City:
State:
Country:
Z1P:
Phone:
FAX:
E-mail:

T would like to give a presentation: Yes No

Title of presentation:

Author(s):

To be presented by:

Lecture: Yes No

Poster: Yes No

Duration of oral presentation: minutes
Pre-conference field trip 1: Yes No
Post-conference field trip 2: Yes No
Applied for reduce registration fees:

Accommodation:

Single room: Yes No
Double room: Yes No
Extra night:

Accompanying persons: Yes No
Participitation in Excursions: Yes No
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GEOHEMISIRY MMUHEPARDTWYECKMA
HSGHAN

UDK 553.411.071(477.63)
N. P. Shcherbak, A. V. Grinchenko, G. V. Artemenko

Age correlation of granite-greenstone associations
and epochs of mineralization of Archean of
the Ukrainian and West-Australian Shields

The paper discusses age correlation established between granite-greenstones and granulite-gneiss associations of the
Ukranian Shield and West-Australian Shield in Paleo-, Meso-, and Neoarchean time, with Neo- and Mesoarchean
epochs being the most gold productive in the West-Australian and Ukranian Shields correspondingly. The Neoarchean
associations of the Ukrainian Shield should be more thoroughly investigated, especially in the Ros’-Tikich block.
Paleo- and Mesoarchean basic associations of the Ukrainian Shield might be highly promising for copper-nickel
mineralization that indicates their geochronological and petrological similarity to those associations of the Western-
Australian Shield in which large economic deposits were discovered.

The most ancient formations of the Earth named Archean, are known practically on all
continents of the world. But they are commonly abundant on the small areas and intensively
altered by later processes of activization of Proterozoic and Phanerozoic age. Therefore, the
study of the Archean complexes and rock associations is hampered from the point view of
their natural geological structure.

International scale of geologic time [5] subdivides Archean into the Paleo-, Meso- and
Neoarchean epochs with age boundaries of 3.2—2.8—2.5 Ga, respectively. These boundaries
are clearly established in Precambrian of the Ukrainian and West-Australian Shields. The
Archean epoch of the Earth geology history is of great importance both from the point of
view knowledge on geological process evolution and in metallogenic aspect. Large deposits
of gold, nickel and other mineral resources are confined to Archean.

It is necessary to emphasize that Archean is characterized by specific conditions of
sedimentation, magmatism, metamorphism and ore formation. It is the period of geological
history, when specific petrological associations and rock complexes of granite-greenstone
and granulite-gneisses occured. Granite-greenstone associations and associated ore-forming
epochs are most completely studied in the Ukrainian and West-Australian Shields that
makes it possible to carry out age correlation beween these formations. Common features of
early Precambrian of the Ukrainian and West-Australian Shields are that the Archean
formations distributed over the areas called cratons or blocks and essentially abundant within
the limits of each of these shields.

The Azov-Middle Dnieper and Dniester-Bug cratons are distinguished within the limits
of the Ukrainian Shield. The latter includes the Ros’-Tikich block. These cratons are separated
by the Proterozoic mobile zone. The similar situation is observed in the Australian Shield,
where two cratons, Pilbara and Yilgarn, being also distinguished in its area (Figure). These
cratons are separated by geological formations of Paleoproterozoic age. A stratigraphic scheme
of Archean of the Ukrainian Shield is presented in Table 1.

Paleoproterozoic of Australia is famous for Hammersley iron-ore basin, while
Paleoproterozoic of Ukraine — for Kryvoy Rog-Kremenchug iron-ore basin. Mesoarchean
(3.2—2.8 Ga) and Neoarchean (2.8—2.6 Ga) epochs of gold mineralization as well as
Paleoarchean (3.6—3.2 Ga) and Mesoarchean epochs of nickel mineralization are established
in the Archean of West-Australian Shield. The large gold fields of Neoarchean of Australia
are genetically associated with calc-alcali magmatism manifested 2.7 Ga ago. In Archean of
the Ukrainian Shield gold deposits are confined to Mesoarchean epoch, genetically associated
with magmatism of the Konka granite-greenstone association and Paleoproterozoic epoch
(2.6—2.0 Ga) of tectono-magmatic activization.

As it is seen from Table 2 the Narryer granulite-gneiss complex of Australia, metamorphic
rocks of the Aul, West-Azov and Dniester-Bug series as well as the rocks of the Novopavlovka
and Gayvoron complexes were formed in the time interval of 3.65—3.3 Ga. The Novopavlovka

© N. P. Shcherbak, A. V. Grinchenko, G. V. Artemenko, 2001
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AGE CORRELATION OF GRANITE-GREENSTONE ASSOCIATIONS

Table 1. Corrrelational stratigraphic scheme of the Archean of the Ukrainian Shield
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AGE CORRELATION OF GRANITE-GREENSTONE ASSOCIATIONS
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Generalized geologic map of the West-Australian (according to data of Geological Survey of Western Australia) and
the Ukrainian Shields (according to data of Geolcom of Ukraine)

complex is the most completely investigated one in the Ukrainian Shield, which mean
composition of rocks in the section corresponds to mafites [7]. Two geological processes of
this complex have been reliably dated: magmatism which resulted in formation of the tholeiite-
tonalite series (3.65 Ga) and metamorphism at granulite facies conditions which resulted in
formation of enderbite (3.4 Ga) [6]. The duration of formation of grey gneiss complexes in
the Ukrainian and Australian Shields is about 250 and 350 Ma, respectively.

The earliest greenstone associations of the West-Australian Shield are represented by
Warrawoona Group that includes seven formations. Each of them includes predominant
basic in composition rocks, basalts of tholeiite-komatiitic trends, dolerites and diabases with
minor felsic volcanites and andesites. The Kosivtsevo strata formations presented mainly by
metabasic rocks of komatiitic trend are the age analogue of this group of rocks in the
Ukrainian Shield. The Kosivtsevo strata lie in the upper parts of Paleoarchean section of the
Ukrainian Shield, whereas the upper parts of the Paleoarchean section of the Pilbara craton
are mainly presented by acidic rocks of rhyolite lavas and pyroclastic formations.

Age correlation between associations and complexes of Mesoarchean rocks of the
Australian and Ukrainian Shields is outlined. The Konka series of the Ukrainian Shield is
correlatable in composition with Whim Creek group, which includes identical quantitative
proportions of volcanological and sedimentary rocks. According to V. D. Ladieva [2] volcanites
predominate at the bottom and sedimentary rocks in the middle and upper parts of the
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Konka series section. But as a whole the amounts of sedimentary and volcanogenic rocks are
equal in the section.

The Neoarchean of the West-Australian Shield is represented by rift greenstone
associations of the Eastern Goldfield, with which the largest gold deposits are genetically
associated. This age formations are known in the Ros’-Tikich block of the Ukrainian Shield.
Unfortunately the section of the Ros’-Tikish series is poorly studied because of bad exposure
and insufficient drillings. Metallogenic studies carried out in the territory of this block were
also insufficient.

Conclusions. Based on geochronological and petrological features two age groups of
rocks were established in the limits of the Ukrainian and Australian Shields: the earlier
granulite-gneiss rocks with the lower age limit of 3.65 Ga and the later granite-greenstone
rocks with age boundary of 3.47 Ga in Western Australia and more ancient of 3.3 Ga in the
Ukrainian Shield. Age correlation between granite-greenstone and granulite-gneiss complexes
of the Ukrainian and West-Australian Shields at Paleo-, Meso- and Neoarchean stages of
the earth crust formation has been established.

Neoarchean is the most gold productive stage in the West-Australian Shield, and
Mesoarchean in the Ukrainian Shield. Productivity of Neoarchean of the Ukrainian Shield,
and above all, Ros’-Tikich series is revealed insufficiently. Therefore more attention should
be paid to this region when carrying out scientific researches and explorations.

Mafites of Paleo- and Mesoarchean of the Ukrainian Shield are perspective for discovering
the copper-nickel mineralization, since these formations are more similar in age and petrology
to mafites and ultramafites of Australia, in which large copper-nickel deposits have been
found.

Coincidence in time of magmatic stages, similar duration in formation of greenstone
associations of rocks (150—170 Ma) in the Ukrainian and West-Australian Shields, so remote
from each other may indicate the existence of a single supercontinent of the Earth [1, 3, 4]
at the Archean stage of the geological history (about 2.6 Ga).
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PE3IOME. YcraHoBlieHa BO3pacTHasl KOPPEJsIUS T'PAHUT-3eJCHOKaAMEHHBIX M T'PaHYyJIMT-THEMCOBBIX acCOIMALIMiA
YKpanHCKOro 1 3ananHo-ABCTPIMIICKOrO LIUTOB B Majieo-, Me30- 1 Heoapxee. [IpuyeM Heoapxeiickast aroxa siBisi-
eTcsl Hanbosiee MPOLYKTUBHOI Ha 30JI0TO Ha 3anagHo-ABCTPATMICKOM LIUTE, a Me30apXxeiicKas — Ha YKPauHCKOM.
Heoapxeiickue accoumanvy YKpanHCKOro LIUTa AOKHbI ObITh OoJiee TLIATEIbHO MCCIeI0BaHbl, B OCOOEHHOCTU Ha
PocuHcko-Tukuuckom Osoke. Ilaneo- u mesoapxeiickue OCHOBHbIE accOLMALMU YKPAWHCKOIO 1IMTa MOTYT ObITh
BeCbMa MepCreKTUBHBIMU Ha MEIHO-HUKEJIEBOE OpyIeHEHUEe, Ha YTO YKa3bIBaeT MX F€OXPOHOJIOTMYECKOE U METPOJIO-
TMYECKOe CXOJICTBO C QHAJIOTMYHBIMM acCOLMALUSIMM 3anagHo-ABCTPAIMIICKOTO 1UTa, B KOTOPBIX ObLIM OTKPBITHI
3HAYUTECJIbHBIC MTPOMBILIJICHHBIE MECTOPOXKICHUA.

PE3IOME. BctaHOBIIEHO BiKOBY KOpEJISILIiIO FPaHiT-3eJIeHOKaM’SIHUX i TpaHyJIiT-rHeMCOBUX acolialliii YKpaiHCbKOro
i 3axiIHOABCTPaNiICbKOro LIMTIB y Majieo-, Me30- i Heoapxei. [IpMyoMy Heoapxelcbka ernoxa € HalMPOLYKTUBHILLIOKO
Ha 30J10TO Ha 3axiJHOaBCTpaliiicbKoMy ILMTi, a Me3oapxeiichka — Ha YKpaiHcbkoMmy. HeoapxeiicbKi acouianii Yk-
paiHCbKOro LIMTa MOBUMHHI OYyTH peTelibHillle Aoc/imkeHi, ocoonuBo Ha PocuHcbko-Tukuubkomy ojoui. IMTaneo- i
Me30apXxeiCchKi OCHOBHI acouiallii YKpaiHCbKOro LIMTa MOXYTb OyTM AyXe MEePCNEeKTUBHUMM Ha MiTHO-HiKesleBe
3pyIeHiHHS, Ha 1110 BKa3ye 1X TeOXPOHOJIOrYHa i MeTpoJIoriyHa MomiOHICTh 3 TUMH acolliallisiMu 3axiTHOaBCTPaiiicbKoro
LIMTA, B SIKUX OyJM BiIKPUTi 3HAYHI TPOMUCIIOBI pOIOBULIA.
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The Formations and Gold Metallogeny
of the Early Proterozoic Greenstone Structures

Precambrian greenstone belts are one of the oldest types of active structures of the earth crust. Their research has a big
theoretical and practical significance, because they are important metallogenic structures and a lot of mineral deposits
are concentrated in their areas: gold, iron, copper, uranium etc. The greenstone belts are formed not only in Archaean,
but also in Paleoproterozoic. West Africa is one of the typical regions of the Early Proterozoic greenstone belts. They
form narrow volcanic ridges, surrounded by sedimentary basins. The main metallogenic period in West Africa for gold
and base metals is Eburnean. Mineralization is controlled on a regional scale by the large shear faults and greenstone
belts, accreted to the Archaean nucleus of the Leonian-Liberian Shield (the Man Shield) of the period 2.1—1.9 Ga.
There are analogous cycles in some other Precambrian cratons, including Precambrian of the Ukrainian Shield, and we
can suggest global importance and practical significance of the Early Proterozoic tectono-metallogenic cycle with
regard to gold and other mineralization.

Introduction. Precambrian greenstone belts are one of the oldest types of active structures of the
Earth's crust. Their research has a big theoretical and practical significance, because they play
an essential role in cognition of geodynamical conditions of development of the Earth’s crust
on the early stages. They are important metallogenic structures and a lot of unique deposits are
concentrated in their areas: Au, Fe, Cu, U etc. We know quite well Archaean greenstone belts,
which were often described in geological literature (Isua in Greenland; Abitibi and Yellowknife
on the Canadian Shield; Dharwar and Bababudan in Indian Craton; Wiluna-Norsman in the
West Australia; Barberton, Murchison, Pietersburg, and Sutherland in the South Africa;
Bulawayo-Bubi, Gwanda in Zimbabwe and so on [7, 12, 15]. One of the important questions
of Precambrian geology is the question about presence and geological nature of Proterozoic
greenstone belts. Some of researchers believe in greenstone nature of certain structures of the
West Africa (WA), Guyana, and Brazil Cratons, Canadian Shield (Snow Lake Belt and Flin
Flon Belt in the SE Manitoba), Pecheneg Belt of the Cola Province of the Baltic Shield,
Ubendian Volcanic Belt in Tanzania, Cunene-Quibala and Lufico-Cabinda Belts of Angola-
Kasai Craton [3, 5, 11, 28, 65]. This question is also actual to Ukraine, where some Archaean
greenstone structures (Surska, Chertomlynska, Verkhovtsevska, Bilozerska), and Proterozoic
mobile belts with basic volcanism and other structures (Kirovohradska, West-Inguletska,
Krivorizko-Kremenchutska) were described. Several gold deposits are connected here with
Neoarchaean (Sergiivske, Balka Zolota, Balka Shyroka) and Paleoproterozoic (Mayske and
Yuryevske) metallogenic epoch [2, 4, 6, 20].

Comparison characteristic of Early Proterozoic deposits. West Afiica is one of the main
world region, where the Early Proterozoic greenstone belts are developed [12, 18]. They are
similar to classical Archaean greenstone belts in their structure, composition, and metallogeny,
but at the same time they have certain differences. WA has a big significance as one of the
world’s major source of gold. The big deposits of gold are known here, such as Obuasi, Tarkwa,
Bibiani, Prestea, Wassa, Ntotoroso, Damang in Ghana; Taparko, Poura in Burkina Faso;
Loulo, Syama, Kalana in Mali; Yaore, Yty in Cote d’Ivoire; Samira in Niger; Sabodala in
Senegal and so on. There prevail lode, disseminated (veinlet-impregnation), stratiform, and
paleoplacer types of deposits. Also some other geological-genetically types of ore deposits are
known: manganese Nsuta in Ghana; iron Faleme in Senegal; base metals Perkoa in Burkina
Faso and others. All of them are connected to Proterozoic greenstone belts [45], but we cannot
exclude the presence of Archaean deposits either [36].

The Early Proterozoic greenstone belts were put into Archaean granite-metamorphous
basis of the core of WA Craton (Guinea, Senegal, Sierra Leone, Cote d’Ivoire), composed of
granite-gneiss and migmatite complexes Kasila, Dabola, Man, age more than 2.5 Ga (Figure).
Partly, they were rejuvenated by the later tectono-magmatic processes (2.1—1.9 Ga). Some
greenstone associations of this age are distinguished: basic and ultrabasic volcanic rocks,
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graywackes, quartzite, and Banded Iron Formation (BIF) of Leonian (3.2—2.9 Ga) and Liberian
(2.9—2.6 Ga) cycles (series Simandou, Nimba, Kambouie), cut by granitoides and migmatites
[24, 27, 47, 67]. It is considered, that the processes of overthrusting tectonic played a big part
on this stage [34, 35]. In Archaean stage some deposits of Fe, Ni, and Co ores were formed.
We don’t know for sure if there are Archaean gold deposits, although lately some new data
about possible Archaean age of the gold mineralization of Yty deposit in Cote d’Ivoire (which
localized in laterite inside amphibolites and metasedimentary Archaean rocks), and Baomahum
(Senegal) appeared [36, 57].

Pre-Eburnean granite-gneiss complexes (2.6—2.2 Ga) are developed on the territory of
Cote d’Ivoire, Guinea, Burkina Faso, Niger, Ghana. They consist of different types of migmatite,
crystalline schist, gneiss and granite-gneiss, amphibolite, quartzite and mylonite, broken through
by microcline granites and small bodies of mafic and ultramafic igneous rocks. Fragments of
microcline granites are presented in the Birimian volcanic and sedimentary rocks and big
bodies of migmatites, gneiss, and crystalline schist are described as olistolites and olistoplates
within Birimian olistostrome. Lode gold deposit Yoga is localized into granite-gneiss of this
complex in the S part of Burkina Faso [59].

However, the main metallogenic significance for the WA Craton has Early Proterozoic
Eburnean stage (2.2—1.9 Ga). It corresponds of the series of greenstone belts, accompanied by
gold mineralization, and also manganese (Nsuta deposit), and base metals (Perkoa) [39].

The Birimian (2.2—1.9 Ga) play a major part in the structure and metallogeny of WA
[39]. It’s represented by Volcanic, Volcano-Sedimentary, Greenschist, Flysch, Olistostrome,
and Black Schist Formations, which consist of a precipitation facial line with progressive
change of composition and boundaries age. Somewhere, the Birimian includes the horizons of
BIF [50].

Volcanic Formation usually takes place in the upper part of Birimian section. It’s composed
of massive and schistose metaandesite and metabasalt tholeiitic and comatiitic series, which
form linear volcanic ridges in the central parts elongated to the NNE volcanic belts; rarely tuff,
tuffite, and chert-argillite. Away from volcanic centers and outside the central part of the ridges
it is replaced by Volcano-Sedimentary Formation — alternation of tuffite, andesite, tuffoargillite,
tuff, pelitic schist, chert argillite. The large areas between volcanic ridges are composed of
greenschist formation (paleosedimentary basins). Numerous deposits and indexes of gold are
localized inside volcanic ridges and they contact with sedimentary paleobasins. Flysch,
Olistostrome and Black Schist Formations are developed in the narrow lengthening in the
NNE direction depressions, usually they are disposed preferentially in the low part of Birimian
section. They play ore-controlling part for corresponding varieties of stratiform deposits (Loulo,
Samira).

The Birimian is covered by sandstone and conglomerate of the Tarkwaian Supergroup
(2.1—-1.9 Ga), which, it is consider, is characterized with angular and structural discordance
[44, 62]. However, certain researchers suggest structural conformity of both units [33]. In the
N part of Ghana we explored some sections, where the Tarkwaian succeeded the Birimian fine
flysch without any signs of angular discordance and sedimentary truncation. Both units form
overturned compression asymmetrical synclinal fold with SE limb, inverted to the NW [9]. In
Ashanti belt (S Ghana) the Tarkwaian includes gold-bearing conglomerate horizons (Tarkwa,
Ntronang).

Eburnean granitoides (2.2—1.8 Ga) are divided into three types: 1) batholiths of granite,
adamellite and granodiorite of the Cape-Coast Complex, localized in sedimentary paleobasins,
separated by volcanic belts; 2) stocks, sills, plate intrusions of granodiorite and quartz diorite of
the Dixcove Complex, associated with volcanic belts; 3) stocks and domes of subalkali granite,
monzogranite and syenite of the Bongo Complex. The last one sometimes hosts a porphyry
type of the gold mineralization. All intrusive complexes have the same geochronological dating,
and, probably, are derived from one tectono-magmatic cycle, of 300 Ma (2.1—1.8 Ga) duration,
with separate flashes of magmatic activity. Therefore, intrusive complexes are really facial
varieties, which differed not so much by time, but by structural conditions during their formation
[54].

The larger tectonic structures of the WA Craton are greenstone belts, forming elongated
in the NNE direction troughs, deposited into granite-metamorphic basement. They are
complicate heterogeneous structures, where axial part is represented by paleovolcanic ridges,
composed of volcanic formation, surrounded by paleosedimentary basins, whose flanks are
composed of volcano-sedimentary formation, and the central part — greenschist formation
(with narrow bands of flysch, olistostrome, and black schist formations). Like Archaean greenstone
belts, the tholeiitic and comatiitic basalts play a significant role in the WA Proterozoic belts,
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but frequently they are localized in the upper part of the Birimian volcano-sedimentary section
[66]. It is suggest, that certain greenstone belts are of arc-island nature, for example, the
Boromo Belt in Burkina Faso [28]. Narrow lenear depressions in the central part of some
greenstone belts (Ashanti in Ghana) are composed of the gold-bearing Tarkwaian molasse
(2.1—1.9 Ga), whose folding is similar to those of underlying Birimian [61]. Therefore, strictly
volcanic belts have not usually sharp boundaries, they are only one of the part (although
important one) of the biggest greenstone belts. Their Proterozoic age (2.2—1.9 Ga) is proved by
numerous geochronological dating of the rocks and minerals (zircon, feldspar, biotite, muscovite,
amphibole etc.) by U/Pb, Pb/Pb, Rb/Sr, K/Ar, Sm/Nd and other methods [23, 54, 64]. The
structural peculiarities of the WA Craton are determined by combination of long-living NE
brittle-ductile shear zones, NNE strike-slip zones, and NW decompressional structures. More
ancient tectonic structures are synsedimentary collision zones of overthrust, dividing Archaean
and Proterozoic [35].

Active Proterozoic tectonic and volcanic processes developed more intensively on the
eastern part of the WA Craton (Ghana, Niger, Burkina Faso).

There are six volcanic belts in Ghana (Lawra, Bole-Navrongo, Bui, Sefwi, Ashanti, Kibi-
Winneba), divided by vast paleosedimentary basins (Maluve, Sunyani, Kumasi, Cape Coast).
Volcanic belts are localized in regional strike-slip zones NE and submeridional strike. They are
characterized by like-band disposition of volcanic and volcano-sedimentary facies, which form
ridges, elongated to the same direction. They are often limited by branches of regional faults.
Conjunction of the active tectonic structures and contrast lithofacies (metavolcanic and
metasedimentary, or intrusive and metasedimentary rocks) is more favorable for endogenous
ore processes. Therefore, many gold deposits in Ghana are localized within the contact zone
between volcanic belts and paleosedimentary basins (Obuasi, Prestea, Konongo, Bibiani,
Akrokeri). The lode deposits prevail. Usually ore bodies are localized within the zones of
folding, schistose, boudinage, often within the contact of sedimentary and volcanic (intrusive)
rocks.

For example, Obuasi mine [25] disposed in extensive shear zone generally trending NE-
SW, 40 km in length and 2—3 km wide, borders the Ashanti Gold Belt in Ghana from the NW.
The host rocks are metasediments, affected by hydrothermal alteration with chlorite, sericite
and carbonates. Reef system has a lateral extent over 7.5 km. There are three main ore types:
1) auriferous quartz veins and lenses; 2) disseminated gold-bearing sulfides (preferentially
arsenopyrite) in the shear zones; 3) oxidized ores. The quartz reef generally consists of mainly
quartz with free gold, associated with arsenopyrite, sphalerite, pyrite, chalcopyrite, galena,
tennantite, tetrahedrite, rarely alabandite. The main orebodies are: Far North, North Central,
South Central, South, Tom Collins, Sansu. They are up to 500 m long with thickness up to 25 m,
lengthening to the NE (45—65°). Disseminated ore is controlled by lithofacies rich in manganese and
carbonaceous schist. The reserves are 700 t of gold, average grading 17—22 g/t.

Rarely the gold mineralization is disposed in intrusive bodies, usually in the system of
decompressional zones with different orientation, often in overthrust, or contact zones between
intrusive and other rocks (for example, metabasalt).

The lode deposits also hosted in Fluvio-Deltaic (molassic) Formation, for example, Damang
mine [40, 42], in the axial part of the Ashanti Belt, are composed of the Tarkwaian sediments
(Damang anticline). They consist of the shallow (30°) dipping gold-bearing quartz-sulfide
veins and vein stockwork up to 1.5 m thick (typically 5—10 ¢m) and grading to 4—25 g/t Au.
Mineralized zone has NNE strike, is 3 km long and 100—300 m wide. The host rocks are represented
by breccia and schistose sandstone. The reserves are 17 t Au, the content — 1.76 g/t.

Besides lode deposits, disseminated gold mineralization is known. So, Ntotoroso deposit
[50] is situated in the NW flank of the Sefwi Volcanic Belt, at the contact zone between the
intrusion of granodiorite and argillite and schist. The structural setting of the gold mineralization
is closely controlled by major overthrust fault with a zone of alteration along and slightly into
the contact. The orebodies have the form of lenses and bands with disseminated mineralization
trending NE (40—45°) with a 30—40° dip, 100—500 m extending, 5—35 m thick, grading 1.25—
3.63 g/t Au. Ore consists of disseminated sulfides and visible free gold in thin veinlets (0.1—
0.5 mm) and small lenticular veins (0.5—1.5 cm) in mylonitized matrix. The resources are 30—
32 t of Au.

Manifestations of disseminated gold mineralization are also known in BIF: Wassa mine
[50] in the S Ghana situated into the shear zone NE strike, composed of highly tectonized
Birimian (?) phyllite and BIF. Mineralization occurs in a hydrothermal vein stockwork
preferentially in phyllite, where gold is associated with veinlets, stringers and blebs of quartz-
pyrite set in a matrix of finely disseminated dusty pyrite. Locally present ankerite, albite,
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chlorite, and sericite. Mineralized shoots (10—25 m thick) located in the limbs of an asymmetrical
synform, are disposed parallel to metamorphic layering of BIF. Somewhere, hydrothermal
chlorite is presented in agglomerate facies. The reserves are 32.2 t of Au, average grading —
1.4 g/t.

Paleoplacer gold deposits are very important to the regional gold production. Tarkwa
mine is disposed in the S part of vast syncline NE-SW trending, composed of conglomerate,
sandstone, phyllites of the Tarkwaian Supergroup (1860—3070 m), overlying of volcanic rocks
of the Ashanti Belt. The orebodies located in horizon (60—100 m thick) of alternation of
middle- to coarse-grain quartz sandstone (6—12 m) and lens-shaped gold-bearing conglomerate
(2—9 m). Conglomerates are oligomictic, containing 90 % rounded pebbles of white, white-
milky, or grew quartz (1—6 cm), cemented with quartz-sandstone matrix. The matrix contains
hematite, rare ilmenite, rutile, magnetite, chromite, sericite, chlorite, chloritoid, epidot,
tourmaline, zircon, garnet, and gold in the grain size 0.04—0.06 mm. The reserves are 250 t of
gold (1.6—4.7 g/t).

Besides gold, in Ghana is presented stratiform manganese deposit Nsuta [66], where clay-
carbonates horizon (50—60 m) with admixture of volcanic material in the turbidite Birimian
strata (with sign of underwater slump-folded) is enriched with manganese. There are fine layers
within scattered veinlet-impregnation sulfide mineralization (pyrite, pyrrhotite, pentlandite,
chalcopyrite, linneite, millerite, and sphalerite). Ore minerals are represented by psilomelan,
pyrolusite, polianite, rare manganite and spessartite — the products of oxidation of manganese-
bearing schist and phyllites. Sometimes, relicts of primary ores are conserved as rhodochrosite
in association with calcite, siderite, and pyrite. The resources are estimated at 5 Mt of oxides
ore (Mn 48.9 %) and 28 Mt of carbonate ore (Mn 15—30 %).

NE part of the craton outcrops in the SW Niger (massif Liptako). The basement is
composed of the Archaean-Proterozoic gneiss, granite-gneiss, and migmatite [58]. The Early
Proterozoic greenstone belts, lengthening to the NNE (Gouroul, Tera, Sirba), put into the
basement. Their composition and structure are similar to those of Ghana (described early), and
Proterozoic age (2.1—2.0 Ga) is based on radiological dating [31, 56]. Sirba belt is more
interesting with regard to metallogenic aspect. It’s composed of alteration of metavolcanic and
metasedimentary Birimian rocks, intruded by calc-alkalic and subalkali intrusives. Volcanic,
Volcano-Sedimentary and Sedimentary Formations within like-banded structures prevail.
Olistostrome and Black Schist Formations are also presented within narrow like-graben
depressions.

Olistostrome Formation is a chaotic complex of underwater slump-folded deposits:
inclusions (from 1—2 to 100—200 m) of amphybolite, chert, crystalline schist, quartzite, jaspilite,
conglobreccia, and andesite in volcano-sedimentary (submarine-slump type) and tectonic-
schist matrix (synsedimentary tectonic type). Black Schist Formation is represented by graphitic
(carbonaceous) schist, their alternation with schist and argillite.

There are known several gold deposits, the most interesting is Samira [60]. It’s connected
with Black Schist Formation; the gold mineralization is controlled by stratobound chemical
lithofacies, acting as chemical barriers to favor the precipitation of the gold [46]. Deposit is
disposed in the central part of the Sirba Volcanic Belt, is composed of Volcano-Sedimentary
Formation with banded structures of carbonaceous schist NE to NNE trending. The deposit is
located in the zone (0.5—1 km wide) sublongitude strike-slip fault, is controlled NW compression
fault or overthrust. Textural peculiarity of ore-hosted rocks (mylonitisation, curve-lens form of
quartz-inclusions and sulfides impregnation, hydroboudinage etc.) suggests polystage forming
of productive horizon: 1) in synsedimentary tectonic conditions (underwater slump-folded); 2)
in conditions of superimposed tectonic deformation. The reserves are 14 t Au (2.57 g/t).

Geological peculiarities of Burkina Faso are similar to those of the regions, described
earlier: here also some lengthening in the NNE direction volcanic belts is developed, put into
granite-metamorphic basement. But there are some different ones, such as essential polymetallic
profile of ore mineralization, so Ag-Zn and gold-bearing base-metal deposits prevail.

The first one is represented by massive polymetallic Ag-Zn ores of Perkoa deposit in the
central part of the Boromo Belt [59, 66]. It’s localized within hydrothermally altered
metagraywacke between metamorphosed tholeiitic of the Birimian Series, intruded by
granodiorite. The ore bodies are represented by stratobound banded sheets up to 20 m thick
with impregnation of pyrite, pyrrhotite, sphalerite, galena, magnetite, and barite. The age is
2120 £ 41 Ma by Pb/Pb on galena [48]. The reserves are 4.5 Mt of ore at 17 % Zn and
60 g/t Ag.

Mezothermal lode gold deposits with native gold and polymetallic sulfides were deposited
during the latest phases of Eburnean orogeny [51]. They are represented by such deposits as
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Poura, Taparko (Burkina Faso), Hire (Cote d’Ivoire), Kalana (Mali), Banora (Guinea), Sabodala
(Senegal). Poura mine [59] disposed in the Boromo Belt, is composed of the pyroclastic rocks,
tholeiitic lava and sandstone. The gold-bearing quartz veins mark a zone of late-tectonic brittle
fracturing oriented NE (Plain, Montagne and West), length 250—1600 m, thickness 0.8—
3.5 m. Quartz ores show a ribbon texture, presence of chlorite and white mica, quartz has a
microsaccharoidal texture. The ore process was realized in two stages: 1) deposit of pyrite,
arsenopyrite, native gold in the quartz or in the fissures of pyrite and arsenopyrite; 2) emplacement
of sphalerite, galena, chalcopyrite, tetrahedrite, a second generation of gold with more silver.
The reserves are 17 t of gold, average content 11.3 g/t.

Porphyry gold deposits in Burkina Faso are represented by Intiedougou [22], located on
a major fault zone in the Eastern Volcanic Domain. Mineralization is closely associated with
small syenite and syenite porphyry, situated on two echelon zones disposed in altered (albitization,
brecciation), mineralized elliptical shaped syenite. It’s 250 m long and 55 m wide. The dip of
the syenite body is about 50° E. The content of gold is 1.5—29 g/t.

From other gold deposits are marked lode Baomahum (Senegal), disseminated Yaore
(Cote d’Ivoire), Lero (Guinea), Syama (Mali), stratiform Loulo (Mali). The last one [32] is
located in turmalinized sandstone, in the major shear fault submeridional direction. Tourmaline
occurs in two forms: either replacing the sandstone matrix or filling early breccia and veins.
Sulfide mineralization also occurs in two forms: early disseminated mineralization in the sandstone
cement and late in quartz and quartz-carbonate stockwork. The sulfides are represented by
pyrite, arsenopyrite, pyrrhotite, pentlandite, gersdorffite. Gold is finely included in pyrite, and
also in the quartz and carbonates of the stockwork. The reserves are 28 t of gold average grading
4.5 g/t.

Therefore, the gold deposits of the WA Craton are closely connected within the Proterozoic
greenstone belts and represented by several genetic types: lode (Obuasi, Prestea, Bibiani, Konongo,
Poura, Taparko), disseminated (Syama, Ntotoroso, Yaore), porphyry (Intiedougou, Sefa Lame),
stratiform (Loulo, Samira, Wassa), paleoplacer (Tarkwa, Ntronang) and laterite (Ity). The
main part played lode and paleoplacer types, although at the last time they gave way to new
types of mineralization such as disseminated and stratiform.

Eburnean metallogenic period lasted over 150 Ma and can be subdivided into two
metallogenic cycles. The first one started with deposition of Mn-ore of Nsuta deposit and
massive sulphide ore of Perkoa deposit, including stratiform mineralization in Loulo turmalinised
sandstone, Samira black schist and Wassa BIF and finished with the deposition of gold-bearing
Tarkwaian conglomerates. The second metallogenic period included formation of main
endogenous lode gold deposits (Obuasi, Prestea, Konongo, Bibiani), gold-polymetallic (Poura,
Taparko, Kalana, Banore), disseminated (Ntotoroso, Widinaba, Lero, Yaore) and porphyry
(Intiedougou, Sefa Lame). About 1000 t of gold are believed to be extracted from the gold
mines, and the reserves of only known mines are approximately 1500 t.

The major regional ore-controlling factors are long-living strike-slip zones, which formed
lengthening greenstone belts and corresponding ore zones. They provided favorable conditions
for the origin and movement of high-temperature depth ore fluids to the Earth surface, their
localization, and, also, remobilization and redeposition of ore substance at the latest stage of
structural evolution of the region.

The analog of Early Proterozoic Eburnean period is known in Africa at Reguibat, Angola-
Kasai Massifs, Tanzanian Shield, and also on Guyana Shield and some other world cratons.

Reguibat Massif is composed of high metamorphosed rocks of the Archaean Amsaga
Series (gneiss, granulite, leptynite, crystalline schist, amphibolite with interlayer of marble,
calciphyre, BIF), cut by Gallaman and Shega granites. There are distinguished the Late Archaean
greenstone belts, composed of orthogneiss, amphibolite, metagabbro, volcanic rocks with bands
of pelite, marble, quartzite of Sauda Series. They are also intruded by granodiorite (2.7—
2.5 Ga). Metasedimentary and metavolcanic stratas Yety and Akjout-Bakes are compared with
the Birimian Series. Mineralization isn’t intensive, only small gold manifestation within the
shear zones "after-birimian" age (less than 2.1 Ga) are known.

Angola-Kasai Craton is composed of Louani and Kanda-Kanda granite-gneiss with
migmatite-enderbite domes (3.0 = 0.1 Ga), gabbro-norite and charnokite of Kasai-Lomama
Complex [65]. The peak of granulitic metamorphism corresponds to 2.82 Ga, migmatiza-
tion — 2.68 Ga, intrusion of Dibaya granitoides — 2.59 Ga. Archaean basement is covered by
schist, quartzite, and BIF of Louis Series (2.5—2.4 Ga), which composes the Early Proterozoic
volcanic belts Kunene-Quibala and Lufico-Cabinda. They are intruded by granitoides (2.0 Ga)
and overlain by Louloua schist, quartzite, basalt, possible Middle Proterozoic age. Local
manifestations of the gold mineralization are known in granulite and charnokite.
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Tanzanian Shield is composed of granite-metamorphic rocks (migmatite, gneiss,
amphibolite, quartzite, kyanite schist, and granite). The Archean greenstone belts are deposited
into a basement [36]. They are composed of mafic volcanic, graywackes, andesite, rare BIF of
Nyanzian System (3.1—2.85 Ga), unconformable overlain by metasedimentary rocks of
Kavirondian System (2.85—2.55 Ga). The Archean gold deposits are represented by lode
(Macalder, Buchemba, Buck Reef, Sekenke, Canuk), disseminated (Kiabakari), and stratiform
deposits (Geita Mine, Mahene). The Archean nucleus is surrounded by Early Proterozoic
volcanic belts (Ubendian), where Proterozoic lode gold deposits (Mpanda, Lupa) are known.

On the other part of the African platform (Kaapvaal, Zimbabwian, Zair and other) Early
Proterozoic corresponds to protoplatform conditions and accumulation of thick molassic strata
and intrusion of layering (Buchveld Complex) and granitoides bodies. Probably, the processes
of partly remobilization and redeposition of Archaean gold were connected with magmatic
activity of that time. For example, Proterozoic age of the gold mineralization of Kimberly mine
(Zimbabwe) it is suggested [37], which is localized into schistose zone within the Archaean
greenstone Belt Shamva-Harare. The age of scheelite-tourmaline ores in this zone is 2.65 *
0.01 Ga, but gold-bearing ores — 1.93 £ 0.5 Ga (by pyrrhotite) and 2.03 = 0.02 Ga (by
tourmaline). This is an evidence of realistic of the partial remobilization of ore substance by
crusting fluids on duration of Early Proterozoic activation of craton by tectono-magmatic
processes, simultaneous with growth of surrounded orogenous systems (Limpopo, Magondi,
Zambezi Mobile Belts) and latest intrusive complexes. Probably, that partly remobilization and
redeposition of the primary-sedimentary Witwatersrand gold is connected with intrusion of
Buchveld Complex in the central part of the Rand Basin at Early Proterozoic [38]. Besides
Archaean, remobilized Proterozoic gold mineralization (stockwork and gold-bearing veins)
was described at Atlantic Craton (Ntem and Chaillu Massifs), in connection with their activation
during the Eburnean orogeny [29].

Guyana Shield has the closest similarity to the WA Craton [16, 43]. The ancient rocks are
represented by high metamorphosed gneiss, granulite, charnokite of the complexes Rupununi
(Guyana), Imataka (Venezuela), and Ile-de-Kayena (French Guyana) age 3.7—3.2 Ga, intruded
by granitoides (2.8 Ga). Liberian cycle of the WA Craton is correlated with Hurian cycle
(2.7 Ga): Supimo (Venezuela), Kanuku (Guyana), and Falavatra (Suriname) Complexes. The
Birimian is compared with volcano-sedimentary stratas of granite-greenstone-gneiss terrains of
Transamazonian cycle: supracrustal series Barama-Mazaruni (Guyana), Paramaica-Rosebele-
Armina (Suriname), Paramaica-Bonidoro-Oraku (French Guyana), and Amaka (N Brazil),
age 2.3—1.9 Ga. They form series of greenstone belts NW strike, favorable to localization of the
lode gold deposits: El Calao (Venezuela), Omai, Sent Pierre, and Dorlin (Guyana) etc. After
Ch. Norcross et al. [55], the age of the gold-bearing rocks (deposit Omai in Guyana) is 2120
+ 2 Ma, and the age of hydrothermal activity is 2094—2002 Ma, that corresponds to the age of
the gold mineralization of the WA Craton. The cross-bedding reddish sandstone with interlayer
and stratas of arkose, clay-schist, and conglomerate of the Roraima Series (1.6—1.7 Ga),
including gold-bearing conglomerate Tortue, may be the analog of the Tarkwaian Series.

On the Brazil Shield Proterozoic auriferous conglomerates Jacobina (Kanavieras deposit)
are arranged to this level. They discordantly overlie migmatite gneiss of Basao Complex and
also Archaean — Early Proterozoic graphitic schist, metavolcanic, iron and manganese quartzite,
where disseminated (Morro Velho deposit) and stratiform in BIF (Racozos, Passagem) gold
mineralization, and also big sheets of iron ores are localized. In the Jauru Block (S of the state
Mato Grosso) sublongitude Proterozoic greenstone belts with gold manifestations (Rio-Alegro,
Jauru, Araputanga, Kabacal) are developed. They are intruded by tonalite and granodiorite
(1.8 Ga). Archaean (> 2.6 Ga) Sao Francisco Craton is intersected by several folding belts of
Transamazonian cycle (2.3—2.1 Ga), such as Aracuai and Ribeira Belts [30]. They are composed
of alternation of metapelite and metabasalt, which was formed within collisioned suture zone
between ancient continental blocks.

Canadian Shield is a typical region of the Archaecan greenstone belts (Abitibi, Kivatin,
Yellowknife, Kameron Lake, Vermilion etc.), within big gold deposits (Porquipain, Kirkland
Lake, Kerr Addison, Giant Yellowknife, Discovery and others), massive sulfide ores (Noranda,
Kidd Creek, Horn, East Sullivan etc.), ironstone formation (Mishypikoten, Mus Mountain,
Styp Rock) [17]. On the border of Archaean and Proterozoic the Stillwater Complex (2.45 +
+ 0.21 Ga) was intruded. In Early Proterozoic on the main part of the shield are accumulated
the rocks of thick Huronian series (2.29 £+ 0.09 Ga) with ferriferous and uranium-bearing
conglomerates (Elliot Lake, Blind River an so on), and paleoplacer indexes of gold.

However, lately scientists suggest the presence of the Early Proterozoic greenstone belts on the
Canadian Shield: in Wisconsin [21], in Manitoba, where were identified the Early Proterozoic age of
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the massive sulfide (with Au) ores and host volcanic rocks of the Flin Flon deposit. They believed,
that the Flin Flon volcanic belt is the Early Proterozoic arc island [63], composed of arc-island
tholeiite, back arc-ocean floor volcano-sedimentary association, and shoshonite. Massive sulfide
mineralization is disposed within tholeiitic horizon with interlayer of rhyolite, their tuff and breccia
[26]. They form a long (250 km), wide (50 km) structure, where 24 deposits are localized (Flin Flon,
Cuprus, White Lake etc.), which total resources of sulfides ores are 109.5 Mt (Cu — 3.25 %; Zn —
44 %; Au — 1.37-2.74 g/t; Ag — 15.3—54.8 g/t). In the Black Hills province scattered gold
mineralization (Homestake mine) is connected with Proterozoic schist. Probably, the analog of the
Proterozoic greenstone structures may be Kein-Smith Sedimentary-Volcanic Belt inside the Superior
Province, where was founded mafic-ultramafic association age approximately 2.0 Ga, tholeiite —
1.92 Ga, and final calc-alkali magmatism — 1.94—1.84 Ga; and also the New Quebec Belt [10]. It’s
worth to point out the facts of reactivity of auriferous fluids and replacement of the gold in Proterozoic
in the region of the Trans-Hudzonian orogen [41].

On the Greenland Shield at Proterozoic stage were formed the Kangerluluk Volcano-Sedimentary
Series (1.8 Ga). They are composed of the basal conglomerate and sandstone, overlaid by strata
(200—300 m) of alternation of volcanic rocks and tuff [53].

In the Western Australia Early Proterozoic is represented by protoplatform deposit (Nullagine
Series and other), overlaid by high metamorphosed complexes and volcano-sedimentary stratas
(Kalgoorli, Worravuna) of the Archaean greenstone belts. Several deposits of gold and iron ores are
connected with Early Proterozoic stage; unique ledges of copper-pyrite and polymetallic ores (Broken
Hill, Mount Isa etc.) — with the Proterozoic geosyncline complexes. During this time (2.45—
2.2 Ga) volcano-sedimentary stratas, including BIF, were accumulated in the troughs (for example,
McGrath Trough in Ophtalmian Folding Belt) [49].

On the Indian Shield at the Early Proterozoic stage in the protogeosyncline depressions were
accumulated clay-carbonate-volcanic Arravali Series, which some of the researchers compare with
the greenstone belts, and the others — with protoplatform shield cover. They suggest, that Arravali-
Delhi Mobil Belt (includes Proterozoic Arravali and Delhi Rifts or Folding Belts) was formed as a
result of collision of Bundelkhaud and Rajastan Cratons and subduction processes within the zone of
their collision [52]. However, they don’t have big metallogenic significance.

On the Cola Peninsula the Pecheneg-Imandra-Varguzky Volcanic Belt may be considered as
the analog of the Early Proterozoic greenstone belts [5]. The basement is composed of the Archaean
gneiss, granite-gneiss with interlayer BIF (Cola Series); amphibolite, crystalline schist, quartzite
(Tundra Series), within deposits of quartz-hypersthen-magnetite ores. The basement cut by narrow
depressions, composed of the Early Proterozoic sedimentary and volcanic stratas of the Pecheneg
Series (2.5—2.1 Ga), intruded by mafic and ultramafic intrusive complexes, favorable for localization
of sulfide copper-nickel mineralization.

After M. V. Minz [10], at the bottom of the Proterozoic belt are disposed mafic and ultramafic
bodies of the Monchegorsk Type (2.45—2.49 Ga), with copper-nickel mineralization and indexes of
platinum. They are recovered by monoclinic-folded structure of the volcanic belt. Two isolated
branches of this structure are distinguished: Pecheneg and Imandra-Varguzky Belts. Geological
section of the first of them may be subdivided into three main stratigraphic units: Louostarinska
Series (2200—3000 m) represented by basal conglomerate (Televinska Suite); mafic lava in the lower
part (Mayarvinska Suite); alternation of terrigenous and organogenic sedimentary rocks with mafic
and calc-alkali intermediate to moderate-acid rocks in the upper part (Kuverneiska, Pyrttigarvinska,
and Luchlompolska Suites); the age of series is 2.3—2.2 Ga; Nikelska Series (broad-scale assemblage
total thickness 2500 m) in the lower and upper parts composed of thick stratas of tholeiitic pillow-
lava and stratums of picrite (Zapolyarnenska and Matertinska Suites) and in the middle part —
volcanoclastic sediments and mafic pyroclasts, enriched by carbonaceous substance, with like-lens
bodies of gabbro and werlite with copper-nickel mineralization (Zhdanovska "productive” Suite); the
age 2.1-1.9 Ga; Volcano-sedimentary complex (up to 3000 m), in the lower and upper parts
represented by alternation of tuff, tuffite, volcanoclastic and carbonaceous schist, lens of basalt and
picrite (Kalloyaurska and Kassesiokska Suite); the middle part is composed of massive and pillow
basalt with layers of picrite-basalt, stratums and lenses of tuff andesite-basalt, carbonaceous schist
(Braginska and Mennelska Suites), succeeded by andesite-dacite-rhyolite association (Kaplinska
Strata); the age 1.8 Ga.

The similar section was described in the Imandra-Varguzky Belt, excluding thick strata of the
pillow lava in the middle part (corresponding to Nikelska Series) although there is an analog of the
"productive"suite, represented by the Solnechnoozerska Strata, composed of volcanoclastic
carbonaceous sediments with like-lens bodies of gabbro-werlite. The age of the lower part of succession
is about 2.4 Ga, and upper — 1.95 Ga (U-Pb isochron by zircon and baddeleyite).

Lately suggest, that the Proterozoic volcano-sedimentary belts of the Baltic Shield are the
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rifting-collision structures, which are formed because of destruction of Archaean continental massif,
three-timing rifting and consequent closing of the micro-oceans with forming of collision systems,
including suture volcano-sedimentary belts broad-scale structure in association with systems of arc-
island and back arc-ocean thrust-napping belts, composed of granulite-gneiss association [10, 11,
14]. Proterozoic volcanic belts are intermediate structures between Archaean granite-greenstone
regions and Phanerozoic rifting structures and marginal-continental belts.

On Aldanian Shield is established [8] the Early Proterozoic age (2.4—2.3 Ga) of volcano-
sedimentary rocks of Chulman Greenstone Belt (zone of conjugation of Aldan granite-gneiss and
Djougdjour-Stanovic folding area), although the majority of the greenstone belts of Aldanian Shield
are Archaean (Temulyakit-Tungurchinsky — 3.4—3.0 Ga, East-Olekminsky — 3.2—2.4 Ga).

The Ukrainian Shield is composed of high metamorphosed granite-gneiss complexes, intersected
by structures of the Archacan Near-Dnieper granite-greenstone area (Chertomlykska, Surska,
Verkhovtsevska, Bilozerska), kindly for the gold mineralization, represented by the zones of fine
impregnation, veins, stockwork in the contact zones of intrusions of plagiogranite, granodiorite,
dacite and greenstone strata (Sergiivske, Balka Zolota, Yuzhne, Chkalovske); within the shear zones
(Appolonske, Aleksiivske, Pototske); in the ironstone quartzite (Balka Shyroka, Kirovske) [2, 4, 6];
in the quartz-perydotite and dunit-pyroxenit-gabbro intrusions (Granovske, Varvarovske). However,
analogs of the Proterozoic greenstone belts are unknown on the Ukrainian Shield, although basic
volcanism is developed sometimes. Early Proterozoic is represented by folding zones in the central
part of the shield (Kirovohradska, West-Inguletska, Kryvorizko-Kremenchutska), Middle Pobuzya
and other areas. Usually they are represented by sublongitude tectono-metasomatic zones, composed
of metamorphosed terrigenous and volcanic strata of the Early Proterozoic age, unconformity overlies
plutons of gabbro-anortozite and granite formations. More interesting are the following volcano-
sedimentary units [19]: Bugska Series (Pobuzya), where stratums of basaltic and peridotitic komatiite
present; Ingulo-Inguletska Series (central part of the shield), where take place orthoamphibole,
interstratums bodies of peridotite, pyroxenite; and Yadlovo-Kostomirska Strata, mainly composed of
metabasalt; Novokryvorizka Suite, preferentially composed of metabasite with interlayer and stratum
of metaandesite, tuff-schist, and metasandstone.

Proterozoic ultrabasic formations are described in the West-Saksagansky, Kryvorizky, Tyshliksky,
and Volodarsky Folding Belts [13], in the structures of Azovsky Block (Sorokinska). They have many
common peculiarities with the Proterozoic greenstone structures, although both differ from typical
Archaean greenstone belts. The gold mineralization (Mayske, Yuryevske, Klintzovske deposits) is
connected with the epoch of Proterozoic activation.

There are six metallogenic epochs with special host rocks and ore formations in the Precambrian
of the Ukrainian Shield [20]. The Early (3.8—3.4 Ga) and the Middle Archaean epoch (3.4—3.1 Ga)
developed locally. The Late Archaean epoch (3.1—2.6 Ga) is widely represented by gold and iron
deposits. The Early Proterozoic epoch (2.6—2.1 Ga) developed locally, but major iron deposits of the
Ukrainian (Kryvbas) formed at this time. The Middle Proterozoic epoch (2.1—1.8 Ga) was enriched
by deposits of U, Au, Fe, Ni, Cr etc. In the Late Proterozoic epoch (1.8—1.6 Ga) Korostensky and
Korsun-Novomyrhorodsky plutons with deposits of titan and gemstones and rare metal deposits
were formed.

Three Precambrian metallogenic epochs of the Ukrainian Shield are the most favorable for the
gold mineralization [4]: Neoarchaean (3.4—2.6 Ga), whose mineralization is connected with greenstone
belts; Paleoproterozoic (2.6—1.8 Ga), when the mobile belts with basic igneous rocks in subduction
zones, granitic magmatism of areas of tectono-magmatic activization, orogenous and collision zones,
volcano-plutonic belts, with deposits of Fe, Au, U, Nb, Ta, Li, TR, Mo, P were developed; Late
Proterozoic with areas and linear zones of activization of the older structures (U, Li, V, Be, Zr, Nb,
TR, Sn, Mo).

Conclusion. Therefore, the greenstone belts, or analogous structures, as importante Precambrian
metallogenic structures, developed not only in Archaean, but also in Proterozoic of the West Africa
(Ashanti, Sefwi, Bole-Navrongo, Sirba, and other), Tanzania (Ubendian), Angola (Cunene-Quibala,
Lufico-Cabinda), Guyana (Barama, Mazaruni, Paramaica, Rosebelle), Brazil (Rio-Alegro, Jauru,
Araputanga, Kabakal), the Canadian Shield (Flin-Flon, Kein-Smith, New Quebec), the Cola
Peninsula (Pecheneg-Imandra-Varguzsky), Aldanian Shield (Chulman). Many of them are
favorable for gold and other mineralization, similar to those in the Archaean structures. Like
Archaean greenstone belts, they are characterized by moderate linear; disposition into like-
graben and like-rift structures, controlled by the regional faults; development of mafic and
ultramafic vulcanite, include komatiite; similarity of the facial precipitation line; development
of BIF and Black Schist Formations; close grade of the regional metamorphism (greenstone,
rare amphibolite facies); identical metallogeny. At the same time, they are distinguished by
types of sections; significance of sedimentary formations; relatively rarity of komatiite; relative
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lengthening; development of arkose; presence of bimodal volcanic association etc. These
peculiarities are stipulated by intermediate statute of the Proterozoic greenstone structures
between typical Archaean greenstone belts and Phanerozoic mobile belts. They as if
"inherit"characteristic properties of the Archaean greenstone belts (including metallogeny),
and simultaneously they have rudimentary properties of the Phanerozoic mobile belts. So,
these different, heterogeneous structures were formed in the similar geodynamic conditions.
Otherwise, after T. V. Bilibina et al. [1], we may suggest, that the Proterozoic greenstone
structures are protoriftogenous and protoorogenous structures; on a broad scale they are prototypes
of the Phanerozoic rifting structures, folding belts, arc-island and back arc-ocean thrust-napping
belts — the characteristic elements of the modern subduction zones. Some of researchers
explain the nature of these structures as a result of plum-tectonic processes [15].

Dual status of the Proterozoic greenstone structures is reflected in their metallogeny. On
the one hand, like the Archaean greenstone belts, they are concentrators of unique deposits of
gold, uranium, iron, copper-nickel ores. On the other — a new type of mineralization appears:
stratiform copper-pyrite ores, polymetallic (with silver) and other colored metals usual to
Phanerozoic. In any case, their metallogenic saturation predetermines importance and necessity
of their research.

The greenstone structures are characterized by cyclic development, disappearing and
regenerating on the new stage (for example, the greenstone belt Willuna-Norsmann in West
Australia and others). Probably, the Proterozoic greenstone structures arose because of regional
scale cycles. Furthermore, remobilization and redeposition of the ore substance are known,
particularly on the Early Proterozoic stage of the Archaean gold deposits in Zimbabwe, South
Africa, Canada etc. The same way seems probable for West Africa. At the same time, cycles age
limits in different regions could be asynchronous, shifting and sliding along the section. An
example of it — age limits sliding on the protoplatform stage in different regions of the world
(mollassic series Witwatersrand, Tarkwa, Huronian, Roraima, Jacobina, Nullagine). But trend
and similarity of evolution of the Precambrian structures are obvious, and we can correlate
these processes in different regions and estimate their mineral potential. Particularly, the analysis
of aforementioned data gives us possibility to forecast the presence of the Archaean gold
deposits on the WA Craton , high potential of the greenstone structures of the Ukrainian Shield
with regard to Precambrian gold mineralization and discovery of the gold occurrences on the
Cola Peninsula.

Archaean granite-greenstone belts of the Ukrainian Shield are similar in composition,
structure and metallogeny to analogous structures of other Precambrian shields and cratons
(Canadian, West-Australian, Kaapvaal, West African etc.). Probably, the age of formation of
Paleoproterozoic epoch of Ukrainian Shield is analogous to that of West African Eburnean
metallogenic cycle. There are some basic igneous and volcanic rocks (Novokryvorizka, Buska
and Ingulo-Inguletska Series). Therefore, we can suppose the presence of fragments of volcanic
structures (Kirovogradska, West-Inguletska, Kryvorizko-Kremenchutska), which are similar to
Birimian structures in WA. Paleoproterozoic epoch is generally favorable with regard to the
gold and other mineralization. Therefore, it attests to a global importance and practical significance
of the Paleoproterozoic tectono-metallogenic cycle in terms of the gold and other mineralization.
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PE3IOME. lokem6puiickue 3eneHokameHHble nosica (3KIT) — ofHM U3 IpeBHEHIINX aKTUBHBIX CTPYKTYP 3€MHOI
Kopbl. X M3yyeHue Kak BaXHEHLIMX METAUIOeHUYECKUX CTPYKTYP, KOTOPble KOHLIEHTPUPYIOT MHOTOYMCIEHHbIE
MECTOPOXKIEHMSI 30/10Ta, XKeJIe3a, LIBETHbIX METAIOB, ypaHa U T. M., UMEET OO0JIbLIOE TEOPETUUECKOE U MPAKTUYECKOE
3HaueHune. 3KIT dhopMupoBainch He TOJNBKO B apxee, HO W B majeonporepo3oe. OIHUM M3 TUMUYHBIX PErMOHOB
pasButusi nporeposoiickux 3KIT siBnsiercst 3ananHass Adpuka, rae OHW MPEICTaBICHbl Y3KMMHU BYJIKaHUYECKUMMU
COOPYXKEHUSIMU, OKPYKEHHBIMU OCAOYHBIMU OacceiiHaMu. BaxXHeHLIMM MeTaUIOreHUYECKUM MEPUOJIOM B OTHOLLE-
HUM 30J10Ta U TOJIMMETALIOB B 3ananHoit Agpuke Obi1 DOypHeiickuidl. MuHepanu3auusi CBsi3aHa ¢ perMoOHaIbHbIMU
pasnomamu U 3KII, KOTopble aKKpeLMPOBAIN K apXeicKuM siipam JleoHuiicko-JInbepuiickoro uiura B MHTEpBaJie
2,1—1,9 muipz siet Tomy Haszaza. Ha qpyrux 1oKeMOpHIiCKMX KPaTOHAX BBIIEISIOTCS aHAJIOTMYHbIE LIMKJIbI, B TOM YHCIIe
M B I10KeMOpUM YKPauHCKOro 1IMTa. DTO CBUIETEIbCTBYET O II00aTbHOM XapaKTepe M BaXKHOM MPAKTUYECKOM 3Ha-
YEHUM PaHHEINPOTEPO30iCKOro TEKTOHO-META/UIOTEHMYECKOT0 3Tara B OTHOLUEHUU 30J10TOI WM MHOM MUHepaiu3a-
LUU.

PE3IOME. JTokem0Gpiiicbki 3eneHokam’siHi nosicu (3KIT) € ogHMMM i3 HaiicTapillMX aKTMBHMX CTPYKTYP 3€MHOL
KOpU. IX BMBYEHHS K HABAXJIMBILIMX METATOTEHIYHNX CTPYKTYP, 110 KOHLEHTPYIOTh YHCIEHHI POIOBUIIA 30/10Ta,
3aJ1i3a, KOJIbOPOBUX METAJIiB, ypaHy TOLIO, Ma€ BeJIMKE TeOopeTuuHe Ta npaktuuHe 3HaueHHs1. 3KIT dopmyBanucs He
TUILKM B apxei, ajle il B majgeonporepo3oi. OMHUM i3 TUITOBHMX PErioHiB po3BUTKY mpoteposoiicbkux 3KIT € 3axigHa
Adpuka, e BOHU MPeJCTaBleHi By3bKMMU BYJIKaHIYHUMU CIIOPYAaMHU, 1110 OTOYEHi ocagoBuMu OaceitHamu. HaiiBax-
JIMBILIMM METAJIOT€HIYHMM MepiofoM 10RO 30JI0Ta Ta nojimeTaniB y 3axigHiit Adpuui 6yB EGypHeiicbkuii. MiHe-
paiizalisi moB’si3aHa 3 perioHanbHUMM posiomamu Ta 3KII, 1o akpeiiiroBaau a0 apxedcbkux siaep JIeOHilichKo-
JliGepiiicbkoro mmra B iHTepBati 2,1—1,9 mapa pokiB Tomy. Ha iHLIMX 1OKeMOpiiicbKMX KpaTOHaX BUIUISIOTHCS
AQHAIOTIYHI LMKJIM, Y TOMY YMCIi i B 10KeMOpii YkpaiHcbkoro wura. Lle cBiguuTbh nmpo riobaibHUil XapakTep Ta
BaXXJIMBE MPAKTUYHE 3HAYEHHSI PAHHbOIIPOTEPO30MCHKOrO TEKTOHO-METAIOTEHIYHOIO €Tany 1100 30J0Toi ab0 iHIol
MiHepasti3auii.
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3400 Ma — Minimal Age of Tonalites of Vasilkovka
Terrain of Orekhov-Pavlograd Zone

According to the U-Pb isochrone multiple zircon data the lower age border of tonalites formation in Vasilkovka district
is 3400 + 25 Ma. According to petrochemical data and U-Pb geochemical characteristics of zircon they are similar to
Novopavlovka region’s tonalites with U-Pb SCHRIMP age 3670 £ 50 Ma. It is confirmed by the wide expansion of
Paleoarchean tonalites in Orekhov-Pavlograd structure-facies zone.

Orekhov-Pavlograd zone is a graben-synclinorium 8 to 35 km wide with complex-folded
internal structure. This structure is situated in the western outskirts of Priasov megablock in
the zone of large deep fault submeridional strike. The complex of the Orekhov-Pavlograd
zone metamorphic rocks is preserved as the large stripe-like relicts among the Novopavlovka
complex granitoids [2, 6, 7, 15—17]. Metamorphic rocks are represented by two forma-
tions: the lower metabasite-ultrabasite and upper rhythmic-sedimentary formations,
distinguished as Novopavlovka and Volchanian sequences, respectively [7]. The next lower
part of the Korsak synclinorium section is formed by the rocks of the Volchanian sequence
on the east; Dragun sequence is its stratigraphy analogue in the West Priazov structure-
facies zone. The Volchanian and Dragun sequences are considered as more ancient than the
Central-Priazov series [5, 9, 15, 17]. Detailed geochronological investigations of granulite-
gneissic associations were already made only in the Novopavlovka terrain, situated in the
southern part of the Orekhov-Pavlograd zone. U-Pb isotope age of zircon from tonalite
migmatites of the Novopavlovka terrain, including the relicts of the Novopavlovka and
Volchanian rock masses, is 3670 = 50 Ma [3, 11]. Data about the Archean age of the
Central-Priazov series, overlapping the Volchanian sequence, appeared only in the recent
years. It was determined that biotite, alumina and graphite gneisses of Temryuk suite are
intruded by plagiomicrocline granites with age 2970 = 180 Ma (Rizdvyanka dome-like
structure) [14]. Enderbites from granulite-gneissic complex of this structure have U-Pb
age — 2730 £ 30 Ma in Mangush synclinorium [13].

The results of U-Pb geochronological researches in the area of the Vasilkovka district,
situated in the northern part of the Orekhov-Pavlograd zone are represented in the paper
(Fig. 1). This region has been studied in detail in the Vasilkovka profile of holes and by
single outcrops in the Volchya river valley [7]. Volchanian anticline, Preobrazhensky sincline
and Vasilkovka anticline are the basic folded structures of this region. Core parts of the rolls
are formed by the rocks of the Novopavlovka sequence, wings of the rolls and synclines, by
the Volchanian sequence. The exposures of the Belaya Skala stow and Labunov balka,
being the outcrops of the Volchanian rock roll and Labunov trough, respectively, have been
studied by the authors. The latter complicates the western wing of the larger Vasilkovka roll.
Methamorphic rocks of the Novopavlovka and Volchanian sequences of this region are
preserved as large stripe-like relicts among gneissic granitoids of the Novopavlovka complex
[2, 6,7, 15—17].

Stratigraphy

Novopavlovka tonalite complex. This complex granitoids occupy the prevailing part of
the Orekchov-Pavlograd zone area. They are confined to the roll structures and form narrow
stripes, stretched according to the general strike and small massives with relict rocks of the
Novopavlovka and Volchanian sequences [7]. Plagiomigmatites and plagiogranites are most
distributed. They are light-grey, medium-grained rocks of massive texture with quartz-feldspar
composition with nonuniform contents of garnet, hypersthene and biotite.
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Fig. 1. Schematic geological map of geochronological researches’ region in the Vasilkovka region. Greisses: 1 — biotite,
2 — amphibole-biotite and amphibole, 3 — pyroxene-biotite, 4 — pyroxene-amphibole-biotite, 5 — garnet-biotite, 6 —
garnet-sillimanite-biotite, 7 — amphibolite, & — piroxen amphibolite, 9 — quartzites, pyroxene-magnetite, 10 —
quartzites without-ore, 1/ — garnet-quartz rocks (granulites), /2 — plagiogranites and plagiomigmatites amphibole-
biotite. Incut: I — Srednepridneprov megablock, 11 — Priazov megablock
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The Volchanian sequence is a series, monotonous in composition which includes deeply
metamorphised 1.5—3.0 km thick rocks of preferentially sedimentary genesis. It is composed
by amphibolized bipyroxene-plagioclase crystal slates of basic composition highly alumina
gneisses, bipyroxene-magnetite quartzites. The latter form the exact marker horizon. The
rock metamorphism degree increases from west to east, from amphibolite to granulite facies.

Table 1. The chemical composition of rocks of Vasilkovka region

o 1 2 3
Component, % 99-163 15532 99-156
SiO, 66.76 68.10 69.06
TiO, 0.66 0.48 0.52
Al,Os 14.85 14.36 14.06
FeyO3 0.72 1.00 3.32
FeO 2.80 2.94 2.16
MnO 0.05 0.15 Traces
MgO 1.36 2.80 1.35
CaO 4.95 2.92 3.37
Na,O 4.70 4.02 4.60
K,O 1.90 2.08 1.20
S Traces 0.03 Traces
P,05 0.18 0.14 0.22
CO, — 0.32 —
H,0 0.01 — 0.14
H,Om 0.76 0.50 0.38
Total 99.70 99.84 100.38
N o t e. The Novopavlovka complex: 1 — tonalite, the Belaya Skala stow, sample 99-163; 2 — tonalite, Novopavlovka

region, hole. 86. int. 198.0—204.0 m, sample 15532. The Volchanian sequence: 3 — garnet-biotite gneiss, the Belaya
Skala stow, sample 99-156. The chemical laboratory of IGMOF of NAS of Ukraine.
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Fig. 2. U-Pb isochrone with concordia on zircon from tonalites of Novopavlovka complex from the Belaya Skala stow
(sample 99-163): 1 — electromagnetic fraction of zircon, 2 — nonelectromagnetic fraction of zircon; numbers on
diagram — age in million years

The Vasilkovka region rocks verge on the faults with more ancient formations on the west
and east — the Novopavlovka sequence and granulite-basite-charnokite associations of the
Volchanian block, respectively [7].

The Novopaviovka sequence is mainly composed by amphibolites and gabbro-amphibolites
with low-sequence and uneven on the strike layers of magnetite-pyroxene quartzites, biotite
amphibole and garnet-biotite-amphibole gneisses, peridotites, serpentinites and actinolites.
The Novopavlovka sequence rocks are observed as linearly stretched stripes 100 to 1500 m wide
and 10 to 14 km long which are the outcrops of narrow, stretched anticlinal folds of the second
and third orders. Separated outcrops of these stripes with the width of 300—700 m occur in the
core of the Volchanian and Vasilkovka anticlinal structures [7].

Results of geochronological investigations

Methods. U-Pb isotope analysis is made on microsamples (1—3 mg) of different size
fractions of electromagnetic and nonelectromagnetic zircon. Chemical decomposition of
zircon and isolation of U and Pb were conducted according to T. E. Krogh method. U and
Pb contents were determined by the method of isotope dilution with the use of tracer 235U
and 208Pb. The isotope composition was measured by mass-spectrometer MI 1201 AT by the
method of thermoemission with the use of silicagel as ion emitter. Age was calculated from
generally accepted values of U decay constants. Corrections for ordinary Pb were introduced

Table 2. The chemical composition of zircon tonalites of Novopavlovka complex and garnet-biotite
gneisess of Volchanian sequence

Sample 99-163 Sample 99-156
Component, % 1 grain 2 grain 1grain | 2grain | 3 grain
center | border center | border center
Zr 49.185 49.074 49.207 48.810 48.934 49.176 49.229
Si 14.993 14.985 15.025 15.090 14.764 14.675 14.714
Fe 0 0 0.023 0.163 0.002 0.068 0.015
Ca 0.016 0 0 0 0.026 0.312 0.026
Al 0 0 0 0 0 0.059 0.093
Hf 0.818 0.722 0.659 0.638 1.009 0.987 1.030
Y 0.087 0 0.031 0 0.144 0.243 0
P 0.023 0 0.035 0 0.002 0.003 0
U 0.155 0.066 0.158 0.120 — — —
Th 0 0.397 0 0 — — —
O 34.585 34.513 34.601 34.514 34.237 34.438 34.334
Total 99.864 99.757 99.738 99.341 99.119 99.960 99.443
Zr/Hf 60.13 67.97 74.67 76.51 55.59 57.07 54.73

N ot e. The analysis was made by X-microanalyser JXA-5 by Bondarenko I. N. in the laboratories of IGMOF of NAS

of Ukraine.
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Table 3. The resalts of isotope-geochronology investigation of rocks of Orekhov-Pavlograd zone

N
o

N ot e. r — radiogenic Pb, M — magnetic fraction, NM — non magnetic fraction, Th* — computed value.

according to J. Steise and J. Kramers
model values. Isochrone mistakes are
reduced to 2c.

Results of U-Pb dating

The Novopavlovka tonalite com-
plex. The Novopavlovka complex to-
nalites were sampled in the northern
part of the Belaya Skala stow (sam-
ple 99-163). This rock is dark-grey
with fine-grained structure and weakly
schistose texture. Mineral composi-
tion of the rock (%): biotite 4—6,
quartz 12—15, plagioclase 79; single
grains of garnet, apatite, opaque ore
material and zircon. As to its chemi-
cal composition this rock belongs to
granodiorites family of the normal set
of potassium-sodium series (Table 1).

Zircon in tonalites is semi-trans-
parent with nonuniform light-brown
colour indistinctly cut crystals of hy-
acinth type. Crystals with elongation
1 : 3 prevail, crystals with elongation
about 1 : 5 are rare. Zircons of irreg-
ular form and crystal attachments are
present as well. Zircon of tonalites is
zonal. Thin cell of metamorphogenic
zircon of pink colour is distinguished
on the crystals periphery. According
to microprobe researches, Y and U
content decreases towards the crys-
tals periphery at slight variations of
Zr/Hf relations (Table 2). Cells of
zircon were formed under metamor-
phism and granitization of tonalites.

According to U-Pb isotopic re-
lations electromagnetic and nonelec-
tromagnetic fractions are divided
clearly (Table 3, Fig. 2). Electromag-
netic fractions of zircon are charac-
terized by higher values of isotope age
from the ratio 207Pb/206Pb, than non-
electromagnetic fractions. Isochrone
(MQD = 0.006) has been obtained
from electromagnetic fractions of zir-
con, which higher crossing with con-
cordia corresponds to isotope age of
3400 £ 25 Ma (Table 3, Fig. 2). Dat-
ing obtained is the lower age bound-
ary of the Vasilkovka terrain tonalites
formation. This zircon is similar to
zircon from tonalites of the Novo-
pavlovka complex with age 3670 *
50 Ma according to U-Pb geochem-
ical characteristics. Less values of the
isotope age of zircon from 99-163
samples are probably determined by
the admixture of radiogenic Pb from
the cells of metamorphic zircon. To
determine true age of tonalites the
constant zircon blocks should be dat-
ed using ion microprobe SHRIMP.
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Fig. 3. U-Pb isochrone with concordia on zircon from garnet-biotite gneisses of Volchanian sequence from the Belaya
Skala stow (sample 99-156). Conventional signatures see on Fig. 2

The Volchanian sequence. Garnet-biotite gneisses of the Volchanian sequence were
sampled near the contact with garnet-containing quartzites in the southern part of the
Belaya Skala stow outcrop (samples 99-156). Garnet-biotite gneisses are fine-grained weakly
cataclastic rocks of gneissic texture. Mineral composition of the rock (%): garnet 3—35,
biotite (brownish-green) — 5, quartz — 15, plagioclase — 75, single grains of apatite and
zircon. Small pertite inbarks of KFS are observed in plagioclase. Zircon in garnet-biotite
gneisses (samples 99-156) represented by asymmetrical crystals with unclear cut of hyacinth
type with elongation 1 : 3, seldom about 1 : 4.5. Zircon is washy-transparent, light-pink with
tints of brown. Internal structure is homogeneous. Gas-liquid inclusions and rarely
microinclusions of rock-forming minerals are present in zircon. This zircon has
metamorphogenic genesis, judging by crystal-morphologic characteristics and internal
structure. This zircon isochrone has been obtained, which upper intersection with concordia
corresponds to the age 3085 £ 8 Ma. High Sm-Nd model age of garnet-biotite gneisses —
Tng(DM) = 4100 Ma [1], indicates to significantly more ancient age of these gneisses
substrate.

Garnet-containing quartzites of the Volchanian sequence have been sampled in the
Labunov balka (sample 99-164). It is light-grey, vagualy stratified medium grained rock.
Mineral composition (%): quartz 97; garnet about 3; single grains of biotite, plagioclase and
zircon. Clastogenic zircon, as well as monazite and metamorphic zircon are present in
quartzites. Clastogenic zircon and monazite of metamorphogenic genesis have been dated.

Clastogenic zircon is represented by gravel grains of round and elliptical forms of light
pink colour. Hyacinth type of cut is identified in some grains. Kernels represented by zircon
of zonal structure and zircon cell with nonzonal structure are distinguished in some grains.
Zircon with nonzonal structure forms entirely grains of clastogene zircon in most cases.
According to mineralogy observations zircon from cells was subject to water abrasion. According
to results of geochronological researches zircon from quartzites is characterised by more
scattering of isotope U-Pb relations. This is explained by presense of relict cores with ancient
radiogenic lead (Table 3). The decrease of isotope age from the relation 207Pb/2%Pb is
observed with the increase of Pb content in this zircon, which is caused by adding of
radiogenic lead from metamorphogene zircon. True time of this zircon formation is not
established. Minimal isotope age of detrital zircon taken from isotope relation 207Pb/206Pb is
2910 Ma (Table 3). The detrital zircon from the Volchanian sequence quartzites is characterized
by the less U and Pb contents, than zircon from the Novopavlovka complex tonalites, it
belonged to another type of abyssal rocks. U-Pb isotope age of monazite from garnet quartzites
of the Volchanian sequence is equal to 2015 Ma according to isotope relation. This dating
corresponds to the time of the last superimposed metamorphism.

Conclusion. Paleoarchean age 3400 *+ 25 Ma of the Novopavlovka complex tonalites,
exposuring in the Belaya Skala stow was established according to U-Pb geochronological
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researches. The dating obtained is considered as minimal value of their isotope age. The
above tonalites are similar to those of the Novopavlovka terrain, proceeding from petrochemical
data and uranium-lead geochemical characteristics of zircon, thus the wide areal spreading
of Paleoarchean tonalites of the Novopavlovka complex in the Orekhov-Pavlograd zone has
been confirmed. The time of formation of metasedimentary rocks of the Volchanian sequence
can be established after dating the clastogene zircon by ion microprobe SHRIMP. Two
stages of superimposed metamorphism 3085 = 8 and 2015 Ma ago have been established
reliably.
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PE3IOME. Tlo U-Pb u30XpoHe LIMPKOHA YCTAHOBJIEHA HMXHsISI BO3pacTHasi rpaHuia (HOpMHUPOBAHUSI TOHAIUTOB
BacuibkoBckoro yyactka OpexoBo-IlaBiorpaackoit 3oubl — 3400 £ 25 mutH Jiet. T1o meTpOXMMUYECKUM JTaHHBIM U
YpaH-CBUHIOBBIM I'€COXUMHUYECCKHUM XapaKTECPUCTUKAM LIMPKOHA OHU CXOHbI C TOHAJIUTaMHU HOBO]'[aBJ'[OBCKOFO yyact-
ka ¢ U-Pb natupoBaHueM 1upkoHa Ha MukpoaHanuszatope SCHRIMP — 3670 £ 50 mun siet. [ToaTBepkaeHO 3HAYM-~
TeJIbHOE PACIpOCTPaHeHHE MajeoapXeicKux TOHAIMTOB B OpexoBo-IlaBiorpanckoi CTpyKTypHO-dalnaibHOil 30He.

PE3IOME. 3a U-Pb i30XpOHOI0 LIMPKOHY BCTAHOBJIEHO HUXXHIO BiKOBY MeXY (hOpMYBaHHSI TOHAJITiB BacuibKiBcbKol
ninstnku OpixoBo-IlaBiorpancbkoi 30Hu — 3400 + 25 MiTH pokiB. 3a MeTpoXiMiYHUMK TaHUMM Ta YpaH-CBUHLIEBUMU
reoXiMiYHMMU XapaKTepUCTUKaMU LIMPKOHY, BOHU MOJiOHi 10 ToHaliTiB HoBonaemiBebkoi aisiHkM, 3 U-Pb natyBan-
HSIM LMPKOHY Ha MikpoaHaiizatopi SCHRIMP — 3670 + 50 muH pokiB. [TinTBepikeHO 3HaUuHe MOLIMPEHHS! MaJleo-
apxeiicbKux ToHaNiTiB B OpixoBo-IlaBnorpaaceKiii cTpyKTypHO-(dalianbHiil 30Hi.
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Geology-structural and geochemical conditions
of formation of fluorine-bearing provinces of Ukraine

The laws of formation of fluorine-bearing waters and fluorine distribution laws are stipulated by a number of natural-
geologico-structural factors, matter composition of water-containing rocks, physico-chemical conditions of natural
environment, and also by technogenic factors. The complex analysis of conditions of formation of fluorine-bearing
waters plays an important role for ecological situation prognosis and duly taking measures to prevent endemic diseases
of the population.

On the territory of Ukraine four basic biogeochemical provinces with various content of
fluorides in environmental objects are distinguished. The basis of differentiation of these
territories is the content of fluorine in soil, water and articles of food and their influence on
endemic disease of man [3, 4, 7, 8, 13]. In this connection recently study of distribution laws
and geochemical behaviour of fluorine in natural objects draws all the more attention.

In addition to the established regional biogeochemical provinces, a number of numerous
local plots with the sub-standard fluorine content are distinguished. As the basic inflow of
fluorine in organism of man is connected to potable waters, analysis of distribution laws and
geochemical conditions of behaviour of fluorine in natural system rock (mineral) — solution
is of special interest.

The analysis of fluorine distribution laws in various types of rocks on the territory of
Ukraine and Moldova, and also equilibrium condition with contacting natural waters has
allowed establish the character and geochemical peculiarities of distribution of fluorine in
natural solutions [8].

First of all, the change of the fluorine content with depth was established, that confirmed
the theory of natural waters hydrochemical zoning. In geostructural zones of tectonic
stabilisation and transient part the basic source of fluorine are underground waters of deep
hydrochemical zones.

Rocks are the source of fluorine in underground waters. Having fallen at significant
depths, as a result of epigenetic transformations (dissolution, hydration, metasomatism etc.)
sedimentary rocks lose a considerable quantity of fluorine [9].

A. E. Babinets has established [2], that in formation of high-mineralized abyssal waters
of artesian basins of Ukraine the leading role is played by the lithification of clay deposits
and release of interstitial waters.

The hydrochemical zoning and augmentation of the fluorine content with depth is
established for a number of districts of the south-west outskirts of the East Europe platform.
So, in the district of settlements Satanov, Nefedovtsy and many others in zonal analysis of
underground waters of the Silurian depositions augmentation of fluorine, sodium, potassium,
chlorine and sulphate — ion and sharp reduction of calcium, magnesium and hydrocarbonate-
ion with depth is established. The latter mainly control fluorine content in system solution —
rock. The partial inflow of fluorine in underground waters at the expense of juvenile sources
is also possible, though their basic inflow is related with tectomagmatic activation zones
[11].

Many explorers consider sedimentary rocks as the basic source of fluorine, on the score
of which they explain formation of chemical composition of underground waters and fluorite
formation. In lithogenesis of sedimentary rocks a considerable quantity of fluorine is removed
to underground waters. However it is impossible to allege that the sedimentary rocks are the
unique or basic source of fluorine. The polygenic source of fluorine is more probable [8, 11].

So, in analysis of water chemical composition of various water-bearing complexes of
Moldova and Ukraine augmentation of fluorine content in underground waters from young
to more ancient water-bearing horizons, and also with depth in waters even of one water-
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Fig. 1. The scheme of transfer of waters with fluorine in a zone tectonic of disturbed: 7 — crystal rocks of the base;
2 — sedimentary and sedimentary-volcanic rocks; 3 — various types of sedimentary thickness; 4 — tectonic zone; 5 —
content fluorine in underground waters; 6 — geochemical a barrier; 7 — basic directions of transfer of waters with
fluorine; § — soils

bearing horizon is established. It proves possible relation of fluorine with deep hydrochemical
zones, characterised by thermodynamic conditions, which are favourable for fluorine leaching.

The increased content of fluorine in waters of young water-bearing complexes, for
example, of the Sarmathian age and, first of all, has other, local character and is stipulated
by mixing with waters of underlying water-bearing horizons, for example, of the Upper
Proterozoic complex, in districts of tectonic faults zones. In these districts the formation of
fluorine-bearing waters can take place at the expense of fluorine inflow from sedimentary
rocks (deep zones of lithogenesis) and juvenile sources [11].

In the general view the movement schema of fluorine-bearing waters is shown at Fig. 1.
These waters when moving to the surface will lose fluorine at a certain thermodynamic
barrier, in case of presence of the favourable lithologic factor, will form fluorine-containing
minerals and fluorite.

Taking into account features of kinetics and dynamics it is established that such a
process is a single act because "healing” of capillary and infiltration movement ways of
fluorine-bearing solution and further formation of fluorides takes place.

The analysis of rock porosity character change with depth has allowed come to somewhat
other conclusions. The porosity of all rock types with depth decreases, however on sites of
fluorine beneficiation development in separate horizons the reverse pattern is observed:
relative augmentation of rock porosity up to transformation of dense carbonate-containing
sandstones into the loose. It is possible to explain it on the score of reduction of mineral
volume during displacement of calcite by fluorite, i. e. in the case solution infiltration
degree. It also denotes the possibility of long fluorite formation process and of presence of
several fluorite generations with gradually changing thermodynamical parameters of formation.

It is established that the nature of hydrogeochemical anomalies of fluorine is various [8,
10, 12]. They can be related with fluor-spar manifestations, secondary zones of villiaumite
beneficiation and other fluor-containing, easily soluble minerals, deep faults and zones of
tectonic faults, artesian and thermal waters etc. The highest fluorine contents are characteristic
for zones of tectonic faults and tectonic activation, where local sites of underpressure areas —
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from the hydrocarbonaceous, calcium up to chloride, sodium, with mineralization from 0.2
up to 10.3 g/I, pH from 6.4 up to 9.4 formed [14].

Studies of the recent years have proved that the sources of fluorine have the polygenic
character. It is clear when considering the general fluorine cycle in lithogenesis processes
(Fig. 2).

The formation of fluorine-bearing solutions takes place under the following schema:
weathering of magmatic rocks and volcanogenic formations and carry-over of fluorine to the
surface and underground waters; beneficiation of sedimentary rocks by fluorine at the expense
of magmatic, metamorphic rocks during weathering, sedimentogenesis, volcanic and other
processes; dipping of sedimentary rocks to significant depths, their epigenic transformation
and fluorine transformation to the forming metamorphosed fluorine-bearing solutions with
possible simultaneous fluorine inflow at the expense of juvenile sources [11].

The fluorine distribution laws in natural waters of Ukraine are considered at a number
of examples of the Lvov, Odessa, Poltava regions and the East Near Azov region, which is
an original fluorine-bearing province. The conditional research polygons were chosen
considering geologic, geochemical, ggomorphological, geographico-climatic and other territory
peculiarities. Besides, in the interpreting of anomalous flourine values a number of the
supplementary factors was taken into account: lithologic composition of water-containing
rocks, hydrodynamical and hydrochemical features of contacting waters and many others.

To the first considered province of Ukraine the regions with very low diurnal consumption
of fluorine with water and articles of food, with sharp lagging behind the norm (the Lvov
region) are referred. To the second biogeochemical province the territories with diurnal
consumption of fluorine with water and articles of food by the population slightly below the
optimal concentration (the Odessa region) are referred. To the third biogeochemical province
the districts with the optimal fluorine content in waters are referred. To the fourth
biogeochemical province the districts, where the fluorine consumption level exceeds customary
norm of consumption (the Poltava region, the Near Azov region, etc.) are referred.

In underground waters of the Lvov region, where the water-supply is conducted from
quarternary and cretaceous horizons, the fluorine content varies within 0—0.3 mg/l. As
water-containing rocks of marl-cretaceous strata submerge, the fluorine content slightly
increases (up to 0.6 mg/l), that is related with the metamorphism of underground waters. As
depth in underground waters grows, the increase of mineralisation up to 1.5 g/, low content
of calcium (16—34 mg/l), very high — of sodium, potassium, chlorine (Na + K — 130—

Table 1. Average chemical structure of researched waters, mole/l

Element | 1 | 2 3

H 1.1487-10°" 1.7718-10" 1.1667-10°"
(0] 6.8962-102 7.9450-10 1.0752-10"
K 7.4000-10°° 1.4060-10°° 2.4600-107*
Na 3.9200-10 1.5947-10°2 1.8059-10°2
Ca 1.3770-10°° 1.0720-107* 4.468-107°
Mg 1.3930-10°° 2.5000-10° 53205103
C 3.7990-10° 6.7460-10° 5.8200-103
Si 3.6000-10* 3.3000-10° —

F 1.7000-107° 1.1570-10°° 5.200-107°
S 4.2300-10™* 7.9250-10°° 1.3526-10°2
pH 7.8 7.9 8.2

N o te. A type of water: | — HCO;-Mg-Ca; 2 — HCO;-Na; 3 — SO,-Na.
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Table 2. The forms of migration of chemical elements in little mineralization natural waters (% of the sum of mole concentration)

(98]
=

212 mg/l) is established. These are
mainly hydrocarbonate-sodium waters
with the increased content of sodium
and decreased — of calcium and mag-
nesium.

However in this biogeochemical
province the local sites with anoma-
lous fluorine content are distinguished.
To such territories it is possible to at-
tribute the Lvov-Volyn carboniferous
basin, and in particular, the Chervono-
grad mining-industrial district situated
in the central part of the basin and
which has the highest technogenic load.

The result of technogenic influ-
ence of coal layers mining was the con-
tamination of underground waters with
a number of toxic elements — heavy
metals, fluorine and many others. In
single settlements (Sosnovka, Sokal')
the fluorine content has increased up
to 2—4 mg/1 [5].

The potable underground waters
of the Odessa region are confined to
the water-bearing complex of the Sar-
mathian (Upper Miocene) depositions.
The underground waters of the Sar-
mathian water-bearing horizon are
characterized by slight mineralization
(up to 1.5 g/1) and low fluorine con-
tent (up to 0.4 g/1). The waters are
mainly hydrocarbonate-magnesium,
hydrocarbonate-sodium, hydrocarbon-
ate-calcium and sulphate-sodium.

Against the general background of
fluorine lack in waters of the investi-
gated region anomalous fluorine values
occur at local sites in areas of Tatar-
bunary — Artsyz — Tarutino cities.
Chloride-sodium waters at these sites
are characterized by the high content
of sodium, chlorine and augmentation
of fluorine content up to 7 mg/l. It is
established that anomalous waters are
confined to the sites along the zone of
tectonic faults and areas of tectono-
magmatic activation, that explains the
formation of anomalous fluorine-bear-
ing waters at the expense of maximal
inflow of deep high-mineralized under-
ground waters.

The complex influence of the geo-
logico-structural factors and matter
composition of host rocks is exempli-
fied by the Poltava region. The basic
water-bearing horizon (the Buchaksk
layer) is represented by the sands of the
Buchaksk layer with significant content
of phosphorite interlayers and inclu-
sions, that explains high fluorine con-
tent up to 4—5 mg/l. However, at the
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sites confined to the tectonic faults’ zones the more large augmentation of the fluorine
content up to 8—9 mg/1 is established.

About the same pattern is noted for underground waters of other regions of Ukraine.
Determination of fluorine basic migration forms in various types of underground waters,
that is well demonstrated at the example of the fluorine province of the Near Azov
region is of strong interest. Determination of equilibrium composition of natural solution
with an unlimited quantity of all probable states of elements was done by the methods
of equilibrium thermodynamics. The modelling was based on the finding of equilibrium
composition of hydrogeochemical system, which corresponds to Gibbs energy minimum
[8].

To estimate of the elements‘ presence forms in waters the program PHREEQC
was used [6]. It is based on the assumption that the geochemical system is in the state
of thermodynamic equilibrium, i. e., that the rate of all physico-chemical processes in
the system considerably exceeds the rate of kinetic (and all the more diffusive) processes.

For doing calculations it was assumed that in the system there is only one phase —
thin water solution. Primary data for the calculations are: thermodynamic equilibrium
constants of chemical reactions; macro- and microelement composition of underground
waters, and also pH of waters.

For calculations the thermodynamic constants taken from the database Wateq4F,
which is delivered together with PHREEQC, were used [1].

The calculations were done for the model open in regard to CO,. In this case it is
possible to determine the amount of carbonic acid, neglected by analysis, choosing it
so that the calculated values pH were close to the measured.

The average chemical composition of waters (the East Near Azov region) is given
in Table 1.

The equilibrium states of components of low-mineralized natural waters of three
types were calculated: the hydrocarbonaceous sodium, the hydrocarbonaceous
magnesium-calcium and sulphate sodium (Table 2).

Thus, the thermodynamic calculations and analytical determinations of natural
low-mineralized waters with alkaline reaction of hypergenesis zone have allowed to
establish that the migration of calcium, magnesium, sodium, copper, cobalt, zinc,
nickel and fluorine is realized in the form of free ions.

By certain typomorphic ions concentration ratio in natural solutions integration of
metals changes insignificantly. With augmentation of magnesium concentration in
sulphate sodium waters up to 11 % of fluorine migrates in the form of complex MgF*.

The account of the complex equilibrium forms of fluorine, and also of calcium
and other elements in underground waters allows to correlate the calculated
concentrations of fluorine and calcium with their actual distributions in underground
waters and to consider the natural process directivity to precipitation and transition to
the solid phase or to dissolution of the solid phase in natural system solution — rock.
The results of such calculations allow to reveal hydrogeochemical anomalies of fluorine
and other elements in underground waters related with tectonic faults zones.

It was established that the underground waters are characterized by wide fluctuations
of fluorine saturation degree value — from 30 up to 100 %. The causes of them are
various. The highest degree of saturation up to 60—100 % is characteristic for tectonic
faults zones and especially for tectonic junctions (intersection zones of tectonic faults
of different directions) [10].

The minimum values of saturation degree 30—40 % are stipulated by the presence
of fluorite mineralization, considerably distant from the tectonic fault zone. In the
case of mineralization confinement to the tectonic fault zone the saturation degree will
increase up to 60—70 %. On the whole, the water saturation degree is stipulated by a
temporary non-equilibrium state on the score of fluorine introduction from the area
with sharply different physico-chemical conditions of environment. Such a temporary
disturbance of equilibrium conditions is largely stipulated by hydrodynamical conditions,
first of all by the rate of infiltration, capillary flow, diffusions etc. [10].

Therefore, for sites, slightly remote from tectonic fault zones, saturation values
will be slightly lowered in comparison with sites in tectonic fault zones.

On the grounds of the above-stated it is possible to conclude that the laws of
formation of fluorine-bearing waters and fluorine distribution laws are stipulated by a
number of natural-geologo-structural factors, matter composition of water-containing
soils, physico-chemical conditions of natural environment, and also technogenic factors.
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The complex analysis of formation conditions of fluorine-bearing waters plays an
important role for ecological situation prognosis and duly taking measures to prevent
endemic disease of the population.
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PE3IOME. 3akoHomepHOCTH (OpMUpPOBaHUsI (GPTOPOHOCHBIX BOA M 3aKOHOMEPHOCTH pacrpeleieHusi B HUX ¢dropa
00YCJIOBJIEHBI PSIZIOM MTPUPOIHBIX T€0JI0r0-CTPYKTYPHBIX (PaKTOPOB, BELLIECTBEHHBIM COCTABOM BOJOBMELLAIOLLIUX 110~
pol, GU3MKO-XMMUYECKUMU YCIOBUSIMU TPUPOIHON Cpeibl, a Takxke TeXHOreHHbIMM (akTopamu. KomruiekcHoe
u3yyeHue ycaoBuil hopmMupoBaHusi GTOPOHOCHBIX BOJ, UIPAET BAXHYIO POJIb JJIsl TPOrHO3MPOBAHMS 3KOJIOTMYECKOM
CUTYallMM U CBOEBPEMEHHOIO MPUHSTHUSL Mep IO MPESOTBPALLEHUIO SHAEMUYECKON 3a001€Ba€MOCTH HACEIEHUSI.

PE3IOME. 3akoHoMipHOCTi hopMyBaHHSI HTOPOHOCHHMX BOJ Ta 3aKOHOMiPHOCTi po3noiny B HUX (GTopy 00yMOBIIeHi
HU3KOIO MPUPOJHUX T€OJIOr0-CTPYKTYPHUX (DAKTOPiB, PEUHOBMHHUM CKJIaJIOM BOJOBMIiCHHUX MOPif, (Gi3UKO-XiMiYHUMHU
YMOBAaMM JOBKIJUISI, @ TAKOX TEXHOreHHUMU dakropamMu. KoMmIuieKcHe BUBUEHHSI yMOB (pOpMyBaHHSI (DTOPOHOCHUX
BOJl MAa€ BaXXJIMBE 3HAUYEHHS JJIs1 MPOTHO3YyBaHHS €KOJIOTYHOI CUTYallil Ta CBOEYACHOTO BXXUTTSI 3aXO/iB i3 3armooiraH-
HSl €H/IEMIYHOIO 3aXBOPIOBAHHS HACEJIEHHSI.
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The chemistry of struvite crystallization

Struvite (NH,MgPO, - 6H,0) or its potassium analogue, KMgPO, - 6H,0 play an important role in waste water
treatment plants. It forms spontaneously, particularly in parts of the treatment work where there is a pressure drop and
a concomitant release of CO,. The associated scaling problems, by which pipes are clogged by struvite constitute a
serious technological problem. On the other hand, induced struvite precipitation may help to control the phosphate
and ammonium levels of the effluent of urban waste waters, liquid manure types and industrial organic waste streams.
Struvite is a potential fertilizer material with excellent agricultural properties, which makes struvite precipitation
economically interesting. This paper, therefore, examines the parameters which influence struvite solubility, which is
determined for an important part by the pH. Struvite precipitation can only be controlled if these parameters are well
understood. Minimum solubility of struvite in "pure" struvite solutions is at a pH around 9. Published struvite solubility
products, based on laboratory experiments as well as on the thermodynamic modeling of effluents where struvite
precipitation takes place spontaneously differ by three orders of magnitude. This dicrepancy is in part due to ionic
strength effects and the effect of foreign ions.

1. Introduction. This paper contains a general discussion on the available information of the
complex chemistry of struvite crystallization / dissolution processes.

Most of the reviewed literature reports on investigations performed with the aim of
preventing scaling problems in conduct lines as well as deposition in tanks and lagoons of
domestic and industrial waste water treatment plants. Major concern has also been addressed
to the understanding of the struvite crystallization process in human and animal kidneys. On
the other hand, the struvite crystal growth under controlled conditions has been studied to a
lesser extent.

The most common approaches adopted in the investigation of struvite chemistry are:
1) the definition of struvite solubility product through crystal dissolution patterns in both,
pure water and water solutions, under controlled laboratory conditions [1—3]; 2) the definition
of the struvite precipitation conditions based on the thermodynamic characterisation of
waste waters where struvite precipitates spontaneously [4—6]; 3) modeling the struvite
precipitation conditions, where the approach of the pH of minimum solubility is the most
used [6—7].

Whatever the reason struvite chemistry is studied, the definition of its chemical
equilibrium in solution, and the factors affecting it are essential for the understanding of
struvite crystallization processes.

Previous literature reviews concerning the thermodynamic of struvite solution show
significant diversity in information [6, 8]. Among many important parameters affecting the
solubility of struvite, the pH is of great concern. It is self-evident that although the solubility
product of struvite does not change with pH, its ionic equilibrium is very much pH dependent,
which can be easily understood when analysing the complex equilibria of its components.

The effects of temperature and ionic strength on struvite solubility have also been
researched in a number of papers. With respect to the temperature, the figures are also
conflicting.

2. The Struvite Precipitation / Crystallization Process. Several authors postulate that
struvite precipitation takes place at pH > 7. Nevertheless, under very specific conditions of
high phosphate and ammonium and low magnesium concentration, struvite can form at pH
as low as 5.3 [9].

Many chemical reactions have been suggested for the precipitation of struvite. It is
conventionally thought to form by reaction between magnesium, ammonium and phosphate
ions in solution. However, it has been observed in crystallization experiments that the
precipitation of struvite produces a rapid decrease in the pH of the solution, which suggests
that HPO i_ would participate in the reaction, rather than PO i_ [10, 11]. The precipitation
reaction should then be expressed as follows

© A. Andrade, R. D. Schuiling, 2001
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NH; + Mg?* + HPO;~ + 6H,0 - NH,MgPO,-6H,0 + H".

Another possibility is presented by Abbona and Boistelle, 1979 [12], who claim that the
reaction would occur between NH 4 and the complex MgHPO,, which is formed in solutions
where Mg2t and HPO 2- are present. In this case, the complex should be deprotonized
before entering into the crystal structure, leading to a pH decrease of the solution as well.

Generally speaking, for any precipitation reaction to take place, the thermodynamic
solubility product Ksp has to be exceeded. Ksp is referred to as the Ion Activity Product
(IAP), when the solution is in equilibrium with the solid phase. In the case of struvite, it can
be expressed as,

{ Mg} {NH4 } { PO} } = Kp .

However, a fundamental requirement for an equilibrium characterization is the definition
of the actual species present in the solution. In the case of struvite the difficulty comes from
the fact that all three of the reacting ions exhibit complex equilibria in aqueous solution,
although NH4 and PO ﬁ‘ are more relevant at the pH values commonly encountered.
Slight variations in the solution pH produce a change in the speciation of the struvite
constituents, leading to more or less favourable condition§ for struvite precipitation.

Ammonium. The proportion of ammonium ion (NH 4 ) present in a solution depends
on its equilibrium with ammonia (NH;). In Fig. 1 it can be observed that the relative
concentration of each species in solution varies markedly with pH. At a neutral pH of 7, the
proportion of NH ; is about 99 % [13].

In the presence of phosphate, ammonium phosphate NH,PO ﬁ‘ , diammonium
phosphate (NH,),PO ; and ammonium hydrogen phosphate NH,HPO ; ions can be formed,
according to the pH and ion concentrations.

Magnesium. Magnesium is in solution in the form of the hex-aquo complex with water
[13—15]:

Mg?* + 6H,0 <> Mg(OH,); .

Hydrolysis of the magnesium ion leading to the formation of MgOHT" is significant
only at higher pH’s:

Mg(OH,); + H,0 < Mg(OH,),(OH)* + H* .

In the presence of phosphate, magnesium forms the complexes MgPO, and MgHPO,,
depending on the pH and concentrations of the species in solution.

Orthophosphate. Orthophosphoric acid is a triprotic acid and this means that several
orthophosphate species exist in aqueous solution at any given pH value (Fig. 2). The proportion
of PO, varies with the pH of the solution in these complex ionic equilibria.

With respect to struvite speciation a lot of information is available in the literature,
specially in papers dealing with struvite chemistry modeling [7, 14—18]. Actually, a lot of
effort is being dedicated to improve equilibrium models of struvite solution chemistry, and
in the definition of algorithms to enable one to predict struvite precipitation/dissolution
conditions. As mentioned earlier, the approach of the minimum solubility pH is commonly
adopted. More recent literature indicates that from both simulation [16, 18] and experimental
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[19] approaches struvite equilibrium concentration in T
solution is minimum at pH around 9; when the ionic

strength of the solution increases, the pH of minimum
equilibrium concentration also increases [14, 18].

Besides the difficulty in the definition of struvite
speciation, the effects of ionic strength are very much
of importance in complex "solutions" such as waste
waters, where several other side reactions between
struvite constituents and other ions present in solution
tend to increase its solubility. This explains why the
solubility of many salts is not only determined by their
solubility product.

On the spontaneous crystal-
lization of struvite. The spontaneous
crystallization of struvite in waste water treatment
plants constitutes a widespread problem. Its causes
have been investigated by many authors [4, 5, 20, 21].
It is a commonly observed that when Mg-ions are
present in the system, supersaturation of the solutions 0 1 2 P +
leading to a potential struvite precipitation can occur oH  OF SOLUTION
at particular areas of the treatmem.plants where a Fig. 3. The solubility of struvite according to
pressure drop occurs. In general, scaling problems are pH
encountered in the pipe network, specially at joints,
bends and on the suction side of pumps. (Physico)-Chemically this seems to be related to
CO, evolution produced by decomposition of ammonium bicarbonate according to the
following equation:
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SOLUBITY OF MgNH:P04-6H:0, mg/1

1000p

NHHCO; - NH,OH + CO,.

This principle has been tested in the recovery of struvite from anaerobic digester liquors
and from the supernatant of activated sludge systems. Aeration as well as thermal and
vacuum decomposition has been used instead of alkali addition resulting in successful struvite
precipitation [17, 22].

In general, Mg-ions are a limiting factor for the struvite crystal growth in waste water
treatment plants, as well as in natural environments. In areas naturally provided with soft
waters, struvite crystal growth is dependent on other Mg sources. Along these lines, Perez
Rodriguez et al., 1992 [23] have researched on the influence of clay minerals as a source of
Mg ions on the precipitation of struvite in anaerobic digesters, where these minerals are used
as supporters.

On the other hand, crystallization processes are not only dependent on chemical
conditions. Borgerding, 1972 [4] searching for the cause of struvite crystallization on pipe
walls from a water treatment plant came to the conclusion that, for a number of particular
physical conditions, sludge digestion systems are very promising crystallization sites.

Trying to avoid spontaneous crystallization. The drastic
change in the solubility of struvite according to the solution pH is recognized by many
authors [10, 24, 25]. It is expressed in Fig. 3 where the results of a research performed for
the conditions found in the pipeline of a waste water treatment plant are presented [4].

Burns and Finlayson, 1982 [3] reported that a pH change of only 0.6 (from 7.4 to 6.8)

Table 1. Thermodynamic Solubility Product Values for Struvite

pKsp [ 7.°C ] Origin | Reference
12.6 38 Urine Elliot et al., 1959
12.33 38 Water Jonhson, 1959
13.15 25 Aqueous solution Taylor et al., 1963
12.6 25 Bube, 1964
13.12 25 Water Burns and Finlayson, 1982
12.97 35 The same The same
12.94 38 " " " "
12.84 45 " " " "
12.6 20 Simulation Loewenthal et al., 1994
11.84 25 The same Booram et al., 1975
12.76 25 Water Webb and Ho, 1992
12.36 Simulation Buchanan et al., 1994
9.41 20 Waste water Borgerding, 1972
9.94 25 Aqueous solution Abbona et al., 1982
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Fig. 4. The influence of ionic strength in the solubility of struvite

results in a 75 % increase in apparent solubility of struvite. A shift to a pH of 4.0 is calculated
to cause a 70-fold increase in apparent solubility.

This property was shown to have practical applications. Acid irrigation solutions have
been used for dissolving small struvite renal stones [3], although with variable results [14].
Acid cleaning of recycled waste management systems have been used to prevent struvite
scaling. It seems, however, to be a difficult method to administer, according to Borgerding,
1972 [4] and Buchanan et al., 1994 [26]. In this publication the results of bench tests
performed with 20 potential struvite inhibiting commercial products are presented and the
inhibition mechanisms are suggested. Among them, seven products are recommended for
further studies.

Another technique applied to avoid scaling problems in anaerobic sludge digesters is
presented by Mamais et al., 1994 [27]. It consists in the addition of iron salts (chlorides and
sulfates) to the sludge or to the waste water causing the precipitation of the less soluble
phosphate salt vivianite Fe,(PO,),*8H,0. A practical approach in the definition of the
complex system of Ca — Mg — Fe — PO, — H,O0 is presented in this publication. Buchanan
et al., 1994 [26] showed that the use of this technique could present technical problems and
that, according to them, it should be applied only when the precipitates can be easily
removed by filtration.

3. The Solubility Product of Struvite. There is a considerable body of information
concerning solubility and thermodynamic solubility product Ksp of struvite in the literature.
The calculations of Ksp have been done for a wide range of experimental conditions, with
respect to pH, temperature and ionic strength. Moreover, various computational methods
with different thermodynamic databases have been applied in the calculations. These values
show a large variation, as one can observe in Table 1, leading to differences of about three
orders of magnitude between the lowest and the highest value.

Salutsky et al., 1972 [5] presents an average value for the solubility of struvite, calculated
from literature data, as being 160 mg/L at 25 °C (140—180 mg/L). This value expressed as
phosphorus (P) leads to a solubility of 20 mgP/L.

Table 2. Solubility of Struvite in Saline Solutions

| Normality of Salt Solution

Salt solution 0.1 0.5 1
CaCly mg of Mg per litre of solution
Aqueous solution 296 499 622
In 0.1 N NH,OH 131 311 416
In 1.0 N NH,OH 18.3 26.9 279
In 2.0 N NH,OH 6.6 121 12.9
BaClz
Aqueous solution 125 184 199
In 0.1 N NH,OH 70 140 155
In 1.0 N NH,OH 15.3 26 27.6
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Uncles and Smith, 1946 [30] measured the solubility of magnesium ammonium phosphate
in water at 25 °C and expressed it in terms of magnesium concentration as being
13.6 mgMg/L.

A critical review of the conflicting results found in the literature is presented by Buchanan
et al., 1994 [18] who claim to have a better approach to the problem. In any case the
inherent limitations which lead to the calculation of disperse values can be related to some
of the following reasons: 1) the solubility products may have been derived by using approximate
solution equilibria; 2) the effects of ionic strength are often neglected; 3) mass balance and
electroneutrality equations are not always used; 4) different chemical speciations are selected
for the calculations.

According to many authors the presence of both organic and inorganic complexes, as
well as the dissolved species which can be formed between the main constituents in solution
are of special concern for a better approximation to the solubility product calculation (see
section 2.2).

4. The Influence of Foreign Ions in Struvite Crystallization. The ionic strength of the
medium is particularly important in the case of struvite crystallization from waste water.
This important solution parameter can be estimated indirectly by the measurement of the
electrical conductivity of the solution as well as by its dissolved solid content [21].

Although some estimation for the average ionic strength of waste waters can be found
in the literature, this should not be taken strictly, specially when domestic waste waters are
co-treated with industrial waters of diverse compositions.

Borgerding, 1972 [4] compared the solubility product of struvite under "in situ" waste
digester conditions with its solubility in pure water. The conclusion is that struvite was far
more soluble under prevailing digester conditions (Table 1).

The influence of foreign ions on the thermodynamic equilibrium of struvite can be seen
from various viewpoints, as it follows.

4.1. The increase / decrease in the solubility due to ionic strength effect. In general, there
is an increase in the apparent solubility of struvite in saline solutions of both inorganic and
organic salts, with increasing normality of the solution. This can be observed in the
investigations carried out by Maljaroff and Matskiewitsch, 1934 [31], Uncles and Smith,
1946 [30] and Johnson, 1959 [1].

Uncles and Smith, 1946 [30] investigated the effects of ionic strength on the solution
chemistry of struvite at 25 °C and found that ammonium salts exert a greater influence in
this respect than do the corresponding salts of Na and K in equivalent concentrations (Fig.
4). Molybdate MoO 4 and oxalate Czoi‘ anions have an unusually high solubilizing effect
that can be attributed to the formation of complex ions. In the case of molybdate ion, its
association with dissolving orthophosphate might have occurred, forming the stable molybdo-
phosphoric acid complex. Among all the salts investigated, only Na,HPO, has the effect of
decreasing struvite solubility.

Comparable results were obtained by Maljaroff and Matskiewitsch, 1934 [31], at room
temperature. Their results show that among the ammonium salts, the oxalate has the strongest
effect on struvite solubility, followed by sulfate, chloride and finally, the nitrate, which
shows no significant influence for the concentration range tested (0.5—10 g/100 ml). Na,SO,
and NaCl showed much lower influence in the struvite solubility than the salts mentioned
before, NaCl showing no considerable effect.

A more general approach is suggested by Seidell, 1940 (in: Borgerding, 1972 [4]).
According to that author the solubility of magnesium ammonium phosphate is enhanced by
salts of strong acids and weak bases.

The cations Ca and Ba also exhibit exceptional effect on the solubility of struvite (Table
2). On the other hand, the addition of relatively small quantities of ammonium hydroxide
substantially reduces the solubility of struvite in every salt solution investigated, approaching
an insignificant figure with increasing additions.

In those specific cases the common-ion effect of ammonium can be pointed out while
for the ammonium salts the main role on the solubility of struvite is apparently played by the
anions.

4.2. The common-ion effect. The same common-ion effect on the struvite solubility is
suggested by Burns and Finlayson, 1982 [3] for the precipitation conditions of struvite in
urine. It is claimed that the pH required for the struvite crystallization (> 7.0) in urine
occurs only after the onset of a urease-producing bacterial infection. In this situation urea is
split into ammonia, which goes in the following reaction:

NH; + H,0 & NH; + OH .
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The hydroxyl ion alkalinizes the urine; the increase in ammonium ion concentration
decreases struvite solubility, leading to its crystallization.

4.3. The presence of competing ions in solution: the calcium case. The calcium influence
in the struvite precipitation can be seen as a competition for PO, between Ca and Mg. This
is particularly important in the case of waste waters where Ca and Mg are present in various
concentrations.

The intricate thermodynamic stability of calcium and magnesium compounds at 25 °C
for low to high phosphorus concentrations (0.005 M—0.500 M) in the pH range of 3—8 was
established by Abbona et al., 1988 [32] and Abbona and Franchini-Angela, 1990 [33].
Magnesium phosphates and calcium phosphates, whether as amorphous or crystalline
compounds of various compositions can be formed under those conditions. An important
conclusion is that Mg affects the solubility of calcium compounds by the formation of
soluble complexes with phosphate and ammonia, as well as by inhibiting their nucleation
and growth. For lower phosphorus concentrations (P = 0.005 M), a particular important
conclusion is that the precipitation of magnesium phosphates takes place only when Mg
concentration becomes at least tenfold higher than that of Ca. In general lines, it seems to
agree with the observations of Uncles and Smith, 1946 [30] presented in Table 2. According
to those experiments Ca has a high solubilizing effect on struvite.

On the other hand, Battistoni et al., 1998 [34] researching on phosphate recovery from
anaerobic supernatants containing Ca and Mg concluded that the molar ratio of magnesium
ammonium phosphate (MAP) and hydroxylapatite (HAP) crystallized in a fluidized bed
reactor are strictly influenced by the Ca/Mg molar ratio in the waste stream. For a Ca/Mg
ratio of about 3.6, the MAP/HAP generated is about 35/65, while a Mg enriched supernatant
(Ca/Mg = 1.8) gives a MAP formation ranging from 80 to 100 %. According to the authors,
the Ca/Mg ratio has no significant influence on the efficiency of the process, being mainly
related to the pH and kinetic process parameters. It should be pointed out that this research
has been performed at a pH range of about 8.0—8.5 and for much lower P-concentration
than that investigated by Abbona and Franchini-Angela, 1990 [33] in the aqueous system.

Salutsky et al., 1972 [5] produced a synthetic mixture containing Ca, Mg and PO, ions
in concentration similar to those expected in a waste stream. Some of the important conclusions
of this research are analyzed from the viewpoint of phosphate recovery and can be summarized
as it follows: 1) in a system free of Ca the recovery of phosphate depends on pH, increasing
from 41 % at pH 8.5 to 93 % at pH 10. The precipitated solid is predominantly struvite; 2)
in a system containing Ca (as is usually the case), phosphate recovery is higher than that
obtained at the same pH in its absence. The optimum pH is 9.5 yielding a phosphate
recovery of about 98 %, but the solid contains calcium phosphate in addition to magnesium
phosphates; 3) a high phosphate recovery (95 %) is obtained at pH 9 when the magnesium
ion concentration is in excess (25 % or more than the stoichiometry); 4) calcium precipitates
preferentially as the phosphate when the pH is maintained at 8.5; 5) there is a linear
relationship between the initial Ca concentration and the residual Mg in solution after
phosphate precipitation.

4.4. The replacement of struvite constituents in the crystal structure. Through a mechanism
which is well-known by mineralogists and geochemists, it was found in laboratory experiments
that divalent ions such as Mn, Fe, Zn, Cu, Co and Cd can replace Mg in the struvite
structure at room temperature [35, 36]. This is supported by the presence of Fe and Mn in
naturally grown struvite described by Wevers et al., 1981 [37].

In the same way, the substitution of NH by K, Rb and TI in the struvite crystal
structure was observed in laboratory experiments [38]. Actually, a complete solid solution
between NH, and K can be formed under specific conditions (unpublished results).

When the uptake of foreign metals in the struvite structure is neglected, which seems to
be often the case for waste waters containing K, the solubility product of struvite can be
erroneously estimated. Although this constitutes a strictly practical problem, it is worth to be
mentioned here.

5. The Effect of Temperature in the Struvite Crystallization. The contrasting information
found in the literature concerning the effect of temperature on struvite crystallization is
summarized below.

Borgerding, 1972 [4] researching the influence of temperature in the solubility of struvite
in the anaerobic digestion system of a waste water treatment plant reaches as the most
important conclusion that typical operating ranges of digestion system are around the point
of struvite maximum solubility (20 °C). It is suggested that as the temperature increases from
0 to 20 °C struvite solubility also increases to a maximum. However, above this temperature
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solubility steadily declines with increasing temperature.

However, Webb and Ho, 1992 [15] assumed 30 °C to be the temperature of maximum
struvite solubility in experiments designed to define thermodynamic parameters for its
crystallization.

Solubility products obtained from experimental solutions by Burns and Finlayson, 1982
[3] showed that struvite is more soluble at 38 °C than at 25 °C (Ksp = 1.5-10713 and Ksp =
=7.58 - 10714 respectively).

Chemical precipitation of struvite from the digester supernatant from a sewage plant
led to the conclusion that temperature had a more pronounced effect on the recovery of
phosphate than Mg stoichiometry and/or source of Mg-ion added [5]. The experiments
have been performed at different final pH (8.0—9.5), a wide temperature range (25—70 °C)
and various combinations of magnesium compounds. The lowest residual phosphate
concentration (2 mg/l as P) was obtained at the highest temperature (70 °C). It this case it
was also significant that a very high phosphate recovery was achieved at a pH below 9.0.

On the other hand, Wenger, 1911 (in: Webb, 1988 [6]) measuring the solubility of
struvite in various salt solutions in temperatures varying from 0—80 °C came to the conclusion
that increasing temperature causes a rise in the struvite solubility, specially for more
concentrated solutions.

6. Struvite Associated Crystal Phases. The precipitation of struvite seems to be dependent
not only on the supersaturation of the solution with respect to this mineral, but also on the
NH; activity in the solution. Many authors concluded actually that struvite is metastable at
low NHj activity [1, 39—43]. In a more extended approach, Abbona, Boistelle and co-
workers found that struvite is unstable at high Mg concentration and at low pH’s, as well
[10, 24, 25].

The apparently fragile equilibrium of struvite in solution leads to the presence of other
crystal phases in the system of (NH,),0—MgO—P,0;—H,0. The formation of magnesium
phosphates such as newberyite MgHPO,*3H,0, Mg,(PO,), 8H,0 (bobierrite) and
Mg;(PO,), - 22H,0 during struvite crystallization or dissolution process is reported in the
literature [1, 2].

The transformation of struvite into newberyite MgHPO, - 3H,O has been extensively
described, in both aqueous [40, 42, 43] and aerial environment [41], and the mechanism of
the transformation process has been investigated in a systematic way by Boistelle et al., 1983
[10]. The equilibrium between the phases involves many pH changes in the solution and it
can take a long time to be achieved.

In the same way, Mg;(PO,), - 22H,0 and Mg;(PO,), - 8H,0 (bobierrite) are associated
with struvite at pH about 8 and higher. Struvite is slowly replaced by the Mg;(PO,), - 22H,0,
when standing in water in an open container, being then substituted by the more stable
octahydrate, bobierrite [39].

Other solid phases are found to co-exist with struvite and newberyitg at 25 °C
between pH values of 3 and 9, under specific conditions of high P and NH 4 , and low
Mg [9]. In this particular field of the thermodynamic system struvite precipitates at pH’s
as low as 5.3 and the co-existing solid species are Mg;(NH,),(HPO,), - 8H,0 (hannayite),
Mg(NH,),(HPO,), - 4H,0-o (schertelite) and Mg(NH,),(HPO,), - 4H,0-B, a dimorphic
form of the mineral schertelite. It should be mentioned that this investigation has been
carried out in order to define the influence of phosphate rocks impurities, such as magnesium,
in the ammoniated WPA fertilizer process.

7. Conclusions. The research on the available literature data on struvite solution chemistry
allows the following conclusions:

1. The most common approaches adopted in the investigation of struvite chemistry are:
a) the definition of struvite solubility product through crystal dissolution patterns in both,
pure water and water solutions, under controlled laboratory conditions; b) the definition of
the struvite precipitation conditions based on the thermodynamic characterisation of waste
waters where struvite precipitates spontaneously; ¢) modeling the struvite precipitation
conditions, where the approach of the pH of minimum solubility is the most used.

2. It is evident that although the solubility product of struvite does not change with pH,
its ionic equilibrium is very much pH dependent. Slight variations in the solution pH produces
a change in the speciation of the struvite constituents, leading to more or less favourable
conditions for the struvite crystallization / dissolution.

3. The precipitation of struvite depends not only on the supersaturation of the solution
with respect to this mineral, but also on the NHj; activity in the solution.

4. Struvite is unstable at low pH and high magnesium concentrations.
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5. Struvite prefipitates according to the reaction
NH3 + Mg2* + HPO3  + 6H,0 - NH,MgPO, - 6H,0 + H* .

Other reactions are suggested, involving NH;, and PO f}‘ , H;PO, and even complexes
such as MgHPO, rather than HPO ;™ .

6. Many references are found for the pH of the struvite precipitation reaction. Most of
them claim that struvite precipitates at pH > 7, although it has been observed that under
specific conditions of high NH ; and P and low Mg concentrations, it can form at pH as
low as 5.3.

7. Rather disperse values are reported for the solubility product of struvite due to the
differences in experimental conditions and computing methods. In any case the inherent
limitations can be attributed to some of the following reasons: a) the solubility products may
have been derived by using approximate solution equilibria; b) the effects of ionic strength
are often neglected; c) mass balance and electroneutrality equations are not always used;
d) the chemical speciation chosen for the calculations are variable.

8. The difference between the lowest and the highest thermodynamic solubility product
for struvite reported in the literature is about three orders of magnitude (pKsp = 9.94—13.2).

9. The effects of temperature and ionic strength on struvite solubility have also been
researched in a number of papers. With respect to the temperature, the figures are very
much contrasting. There is no agreement whether an increase of temperature favours struvite
crystallization or not.

10. Spontaneous crystallization of struvite in waste water treatment plants constitutes a
widespread problem. Many authors agree that when Mg-ions are present in the system,
supersaturation of the solutions potentially leading to struvite precipitation can occur at
particular areas of the treatment plants where a pressure release takes place leading to CO,
evolution.

11. It seems that, for a number of particular physical conditions, sludge digestion
systems are very promising crystallization sites.

12. A lot of effort is dedicated to improve equilibrium models of struvite solution
chemistry, and in the definition of algorithms to enable one to predict struvite precipitation/
dissolution conditions in both waste water treatment plants and in urinary and kidney tracts.
The approach of the minimum solubility is the most used in computer simulations.

13. Recent literature indicates that from both simulation and experimental approaches
the pH of minimum solubility is around pH 9, shifting to higher values with increasing ionic
strength.

14. The drastic effect that pH exerts on the solubility of struvite has been used as a
method to control struvite precipitation in waste water treatment plants, as well as its growth
as urinary stone.

15. Many commercial products have been tested as struvite growth inhibitors in waste
water treatment plants, including the ones that produce precipitation of less soluble phosphate
salts, apparently easier to handle than the struvite scaling problems.

16. The effects that a number of salts exert on the solubility of struvite and consequently
in its crystallization conditions have been experimentally tested. In general, there is an
increase in the apparent solubility of struvite in saline solutions of both inorganic and organic
salts, with increasing normality of the solution.

17. Ammonium salts have a greater influence in the solubility of struvite than the
corresponding salts of Na and K in equivalent concentrations. Molybdate (Mooff) and
oxalate (C,0 i‘ ) anions have an unusually high solubilizing effect which can be attributed
to the formation of complex ions; sulfate and chloride have intermediate influence, while
nitrate plays no significant role in the struvite solubility.

18. On the other hand, the solubility of struvite is substantially reduced in the presence
of ammonium hydroxide, which can be explained by the common-ion effect.

19. Magnesium and calcium phosphates of diverse compositions and degree of crystallinity
are likely to co-precipitate under a wide compositional and pH range. The influence that Ca
imposes in the precipitation of struvite seems to be related to the Ca/Mg ratio in the
solution, as well as to the pH. As a general case, the presence of increasing soluble Ca
concentration decreases struvite crystallization potential.

20. The simultaneous crystallization of phosphates as struvite and hydroxyapatite from
waste water has been investigated. The molar ratio of both species is directly influenced by
the relative concentrations of Mg and Ca in the waste water, which in its turn has no
influence in the phosphate removal. This is attributed to pH and kinetic parameters.

21. Ammonium ions can be replaced by K, Rb and Tl in the struvite crystal structure.
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In the case of K, a complete solid solution between NH; and K can be formed.

22. Divalent ions such as Mn, Fe, Zn, Cu, Co and Cd can replace Mg in the struvite

structure at room temperature. Fe and Mn are found in struvite natural specimens.

w

23. Magnesium phosphates (Mg;(PO,), * H,O and MgHPO, - 3H,0) are associated
ith struvite in the system of (NH,),0—MgO—P,0,—H,0, whether as co-precipitation or

dissolution phases. Under very particular thermodynamic conditions, other magnesium-
ammonium-phosphates are present in the system.
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PE3IOME. Ctpysut (NH,MgPO, - 6H,0) unu ero kanuesslii ananor KMgPO, - 6H,0 urpaior cylecTBeHHYI0 pojib
B paboTe MPEANPUSATUI TI0 OUMCTKE CTOYHBIX BOoA. OH 00pa3yeTcst CIIOHTaHHO, B YaCTHOCTH, B T€X OTHENaX Mpearnpu-
ATUI TI0 OUMCTKE, IJie UMEET MECTO TOHMXKEHUE JaBleHus U conyTcTylollee BblneneHue CO,. CBsI3aHHOE ¢ 3THM
00pa3oBaHKe OKAJTMHBI U 3aCOPEHUE TPYO CTPYBUTOM SIBIISTIOTCSI CEPbE3HOI TEXHOJIOTMUYeCcKoii pobiemoit. Ocaxie-
HUE CTPYBHUTA MOXET IIOMOYb IPU KOHTPOJIE YPOBHEi docdaTa 1 aMMOHUST B TOPOJCKUX CTOKAX, XUIKUX yI0OPEHU-
AX U OPraHM4YeCKuX IPOMBILNIJIEHHBIX CTOKaXx. CprBVIT SABJISIETCA MOTCHUMAJIbHBIM MaTepruaaoM I y£L06pCHVIFI C
HUCKJIIOUUTEIbHBIMU CETbCKOXO3SIMCTBEHHBIMU CBO]‘;ICTBaMVl, 4YTO NPEACTaBIACT 3KOHOMUYECKUIA HHTEPEC. B cratbe
MpPEACTaBJICHbI PE3yJIbTaThl ONPEEICHUs TapaMeTPOB, BIMSIIOILMX Ha PACTBOPUMOCTb CTPYBUTA, CPEAM KOTOPBIX BAKHYIO
posb urpaet pH. OcaxkeHne CTpyBUTa MOXKHO MPOKOHTPOJIMPOBATH TOJILKO B TOM CJydyae, €CIM 3HaTh 3TH Iapame-
Tpbl. MUHUMaJIbHasE PaCTBOPMMOCTb CTPYBHMTA B "UMCTBIX' pacTBopax CTpyBUTa HabGmomaercs npu pH ~ 9. Ha
OCHOBaHUU na6opaToprlx OKCIIEPUMEHTOB U TEPMOJMHAMUYECKOro MOACIMPOBAHUA CTOKOB, B KOTOPBIX OCAXKACHUE
CTPpyBUTA IMPOUCXOJUT CIIOHTAHHO, YCTAaHOBJICHO, YTO BC€JIMYMHA MPOAYKTOB PAaCTBOPMMOCTU CTPYBHUTA IPU Pa3HBIX
pH pasnuyHa. D10 oTIMYKME OOYCIOBICHO Pa3HOil KOHLEHTPALMEil MOHOB U BIMSIHUEM APYTMX UOHOB.

PE3IOME. Crpysit (NH,MgPO, - 6H,0) a6o itoro kaniesuit anaior KMgPO, - 6H,0 rpaioth icToTHy posb y po6oTi
MiANPUEMCTB 3 OYMILEHHS CTiYHMX BOA. BiH YTBOPIOETBCSI CHOHTaHHO, 30KpeMa, B TUX BiiAilax MiANPUEMCTB 3
OUMILIEHHS, I¢ € 3HIXKEHHs THCKY i cynyTHe BuaineHHs1 CO,. [Top’si3aHi 3 UMM YTBOPEHHS! OKAJIMHM i 3aCMiYeHHsI
TPYO CTPYBITOM € CEPItO3HOIO TEXHOIOTTYHOIO MpoGieMoto. OcalXeHHsI CTPYBITY MOXe IOMOMOITH il YaC KOHTPOJIIO
piBHiB docdary it aMOHiI0 B MiCbKHMX CTOKaX, PiIKMX DOOpUBAX i OpraHiyHMX MPOMMUCIOBUX cToKax. CTPyBIT € mo-
TEHLIITHUM MaTepiaioM [J1s1 0OpYBa 3 BAHATKOBUMM CiJIbCbKOIOCIOAAPCHKUMU BJIACTUBOCTSIMM, 11O MA€ EKOHOMiUHU I
iHTepec. Y cTarTi MogaHo pe3y/ibTaTy BU3HAYEHHSI MTapaMeTpiB, 1110 BIUIMBAIOTh HA PO3UMHHICTb CTPYBITY, cepel SIKUX
BaXJIMBY pojib rpae pH. OcakeHHsI CTPYBITY MOXHA MPOKOHTPOJIIOBATH TiIBKM Y TOMY pa3si, KOJIM BiloMi 11i mapame-
Tpu. MiHiMalIbHa PO3UMHHICTb CTPYBITY B "UMCTUX" PO3UMHAX CTPYBIiTY crioctepiraetbes npu pH ~ 9. Ha mincrasi
J1abOpPaTOPHUX EKCIEPUMEHTIB i TEPMOAMHAMIYHOTO MOJIEJIIOBAHHSI CTOKIB, Y SIKMX OCAJIKEHHsI CTPYBITY BilOyBa€eTbcs
CIIOHTAHHO, BCTAHOBJIEHO, 1110 BEJIMYMHA IPOAYKTiB PO3UMHHOCTI CTPYBITY npu pisHKX pH pisHOMaHiTHa. LIst BinMiHHiCTb
00yMOBJIEHa Pi3HOI KOHLIEHTpPALLi€0 iOHIB i BIUIMBOM iHLIMX iOHiB.
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Evolution of Twin Structure of Alkali feldspars
. Feldspars Enriched With Potassium

As a result of sandine-microcline inversion the fine scale cross-hatched twin structure is developed. The twin structure
of potassium feldspar (KFS) is an unstable system. During subsolidus cooling a process of the twin transformation is
performed. Since the most stable state of the mineral is realized in untwinned crystal, the decrease of total energy of
twin boundaries is the driving force of the detwinning process. The evolution of the feldspar twin structure is expressed
as the enlargement and reorientation of twin domains. As a consequence of this transformation a simple and coarsening
twin structures are performed. Some stages of twin structure evolution have been shown on samples of KFS from
Ukrainian pegmatites. It is supposed that the detwinning process takes place under the influence of the water fluid only.
A general scheme of evolution stages of twin structure is proposed.

Introduction. Microcline cross-hatching is well known to everybody who observed the sections
of the rocks using a polarizing microscope. Being the important diagnostic sign of one of the
main rockforming minerals, it impresses with the diversity of symmetric design and provides
almost esthetic influence on the observer. In the early last century [26] optical observations
defined two main peculiarities of the microcline cross-hatching: a) it consists of fine parallel-
intergrowing plates, which are in the twin relation, and b) twinning proceeds according to
albite and pericline twin law. These twinning laws are well known in the mineralogy of
feldspars. Various observations confirmed that many characteristics of the twin cross-hatching
(lamellae’s size and their morphology, albites and periclines correlation and others) vary
differently even within one section. There are some regions where cross-hatching is not
observed and, what is more, their optical symmetry may be both triclinic and monoclinic
one. Monoclinic regions may be defined as orthoclase, which differs from sanidine by structural
and optical properties.

Mallard’s hypothesis [11] about fine-scaled twin structure of orthoclase was proved by
F. Laves on the basis of X-ray researches [10]. He also proposed the idea [10] that twin
cross-hatching of orthoclase appears during the inversion of monoclinic sanidine to triclinic
microcline and from this point of view orthoclase may be considered as the initial metastable
"product” of this transformation, the final steady stage of which is microcline. In this connection
the cross-hatched twinning acquires genetic meaning as a temperature benchmark. As the
scale of twin cross-hatching of orthoclase and microcline varies significantly, one can suppose
that continuous transformation of twin structure occurs under the influence of some natural
factors. Owing to high total energy of twin boundaries, the crystal which contains twins
cannot be a stable formation. That is why the enlargement of twin domains and change of
their configuration result in the decrease of the crystal free energy. This is a driving force of
the twin cross-hatching evolution. At the same time orthoclase stability in nature indicates
that the enlargement of twin cross-hatching has to occur in the definite geological conditions
and it obviously needs geological time scale. Moreover, this process probably has several
stages, and what is more, the definite mechanism of enlargement predominates at every
stage. Some assumptions will be viewed in general in the paper.

The increase of the size of twin domains and "simplification” of twin structure during
the reconstruction of energetically unfavorable configurations of domains is the general
tendency for these transformations. This tendency manifests in the change of the morphology
of domains and their combination with each other (structure). One of the consequences of
the reconstruction of the domain structure is the infringement of homogeneity of crystal
structure because of the mutual disorientation of transformed and unchanged domains. The
great number of defects, which prove to be active centers of solution under their interaction
with hot fluid, form in the crystal. It might have definite geological consequences, as the
crystal with high porosity may be permiable for metasomatic solutions. Besides, under large
content of pores K/Ar correlation may be infringed.

© V. S. Melnikov, 2001
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Fig. 1. The diagrams A vs2t, (a) and A, vs2V (b) which may be used for representation of KFS with fine scale twinning.
Varieties of Banbaner H.U. et al. [2] are shown as thick solid lines: @ — the A is a triclinicity determined from X-ray
data. When the point of KFS shifts down from the trend line it means that the A which corresponds to 2¢, is less than
(t,,— t,»); b — the A is an optical triclinicity determined from the extinction angle. Conventional sign.: San — sanidine,

Ort — orthoclase, Mic — microcline

Twinning in KFS cannot be of inversion origin, for instance, it can be inherited from
plagioclase at metasomatic substitution for microcline. That is why morphological peculiarities
of twin cross-hatching may be useful while solving some petrologic problems.

The process of subsolidus transformation of alkali feldspars twin structure performs
after the inversion of the monoclinic sanidine to triclinic microcline. It includes huge volumes
of salic substance of the Earth’s crust and is a part of the global process of water-rocks
interaction [18]. Those ways of evolution have been considered in this paper its reality may
be confirmed by observations on the optical and (or) TEM scale as well as diffraction data
[7, 8, 16, 23, 29, 30]. The alkali feldspars from two different pegmites types from the
Ukrainian Shield have been selected so that to show some stages of twin structure
transformation. They are enriched with potassium feldspars from rare metals pegmatites of
Shevchenko deposite (North Priazovye) and other representatives are enriched with sodium
feldspars from chamber pegmatites of Volyn.

The structure of anorthoclase has some differences from the structure of feldspars
enriched with potassium (KFS). This also concerns the inversion and kinetic of ordering.
That is why, despite the internal morphological likeness of twin cross-hatchings, it is expedient
to consider these varieties separately.

Methods of Research of Twin Structures. Optical microscopy and transmission electron
microscopy (TEM) refer to the most effective methods of visual investigation of twin structure.
Twin domains present regions of triclinic crystal, which show regular deviation from directions
of monoclinic structure. It causes optical contrast formation at the boundary of domains
(diffractional for TEM and polarized for light microscope in crossed nicols), that is very
perceptible to mutual domains orientation. A comparison of twin structure’s optical and
TEM images showed their morphological similarity [1, 8, 16]. It means that the optical
method provides adequate presentation of morphological type of KFS.

If the feldspar crystal consists of twin domains, it would result in the presence of
additional reflexes in the X-ray patterns. When the twinning scale is very fine and the
distribution of domains is regular, the X-ray photograph will "imitate” monoclinic symmetry
with sharp Bragg maxima. In the case of non-regular distribution of domains additional
effects of diffraction occur. Precession X-ray patterns provide nondistorted pattern of reflexes
configuration of twin structure (see, for instance, J. V. Smith [29]).

48 ISSN 0204-3548. Mineral. Journ. (Ukraine). — 2001. — 23, N 5/6



EVOLUTION OF TWIN STRUCTURE OF ALKALI FELDSPARS

X-ray powder diffraction is a more widely used method for the study of feldspars. This
method enables to define two important characteristics of AFS: total content of Al in the
positions T1, which describes Al/Si ordering of the crystal structure (27, = ¢, + ¢,,) and
degree of deviation of KFS symmetry from monoclinic. The deviation of symmetry is most
exactly described by the difference Az, = ¢, — ¢,,,. In practice for the less precise estimate of
At;, so called "triclinity” (A) may be used. It is calculated from the peak separation for
symmetrical pairs, for sample, 131-131. The diagram (Fig. 1) that is presented by A
dependence on 2t [20] is useful for the description of structural state of KFS and
characterization of fine scale twinning presence. (Actually this is X-ray diffraction analogue
of the well-known optical diagram by A. S. Marfunin [12]). In common case the peak
diffraction separation is a function of average size domains and value of Az,.The meaning of
2t, is almost independent of twinning scale and may be defined from ordering trend for non-
twinning KFS. Therefore in KFS with fine twin structure the meaning of A does not correspond
to 2¢,. The points of KFS remove down from equlabrium ordering trend line if the condition
of A< At — t,,, was perfomed. It is possible if the twin domains size is very small. Therefore,
when the points of KFS are disposed outside the trend line it indicates on fine scale twin
structure. We also have the analogue of discrepancy of optical characteristics (2} and the
extinction angle) for cryptotwins here. X-ray research of orthoclase shows that they have
A = 0 — 0.3 and are displaced to the right of triclinic trend and they go away from the
beginning of the trend to the meaning 2¢, = 0.85—0.90. It is clear, that such high ordering is
incompatible with monoclinic symmetry. It is possible that higher symmetry of orthoclase is
the consequence of fine-scaled twinning and actually this is the "diffraction” symmetry. As
the scale of twinning can highly vary even within small volume of crystal, X-ray patterns of
KFS often displays "mixture" of monoclinic and triclinic "phases". We can also evaluate the
ratio of the phases according to the ratio of some X-ray reflections of these phases [19]. The
ratio of these phases characterizes a degree of transformation of initial fine twinning cross-
hatching structure to coarser one.

A refinement of crystal structure of KFS, which crystal consists of submicroscopic twin
domains, cannot be considered correct if it was carried out in a monoclinic spatial group
(C2/m). In the consequence of structural identity of the right and left domains the resulting

Si/Al distribution will correspond to the equal population of 7, and T}, positions. If

refinement is carried out within triclinic group (C1 ), (but for a =y = 90°) C1 Si/Al
distribution can be asymmetrical [4]. It is clear that such situation is possible only when
relation of domains with different chirality is deviated. As it has been shown by A. Marfunin
[12] if the number of left and right domains is unequal, the optical indicatrix orientation is
changed. Furthermore, when the domain size is very small the optical orientation of a
feldspar crystal corresponds to monoclinic symmetry.

In order to define the symmetry and quantitative evaluation of structure ordering within
one twin domain (~ 100 nm) new methods with the use of convergent electron beam (CBED)
and its canalizing effects (ALCHEMI) are used [17].

Terminology. Correlation between twin structure and structural state of KFS. There is
some arbitrary rule in using the terms for description twin structure. The terms (lamella,
block, individual) are often used instead of the term domain. In this paper by the term twin
domain we mark crystallographically homogeneous region of the crystal, which is in the twin
relation with neighboring regions (domains). Domain is the main structural unit of twin
structure. (There is a certain analogy of twin, magnet and segneto-electric domains which
manifests in their dynamics and morphology). In the case, when there is no confidence that
the crystal region is a domain in the abovementioned sense, it is better to use the term
lamella. So, lamella, morphologically resembling the domain, is not structurally homogeneous
and can be an aggregate of domains. In many cases lamellas, observed under optical microscope
as homogeneous regions, display the domain structure on the TEM scale. Twin structure is
viewed as mutual placement of twin domains. Strict description of the structure is made
using crystallographic concepts and terms. Less strict morphological description includes all
the complex of geometric and size characteristics of twin domains, which determinate the
domain structure. Terminology, including the notion of grid, hatch or the characteristic of
the hatch (cross-hatching, cryptohatching, fine-hatching) is most often used. Crystallographic
twin domains, unlike physical (magnet), have the property to cross, forming more complicated
structural designs. The term "tweed" is used for description of fine-scaled postinversion
structure of KFS with regularly placed local deformations. This structure has no certain
indications of domain structure (there are no clear boundaries), but local regions of the
deformation display the tendency to ordered orientation relative to the symmetry elements
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of primary (preinversion) structure. The local deformed regions are individualized as domains
during coarsening and tweed structure transforms to fine scale twin structure. But the term
"tweed" is also often used in the case when the domains boundaries are poorly distinguished
even on the TEM scale.

N. K. Kramarenko proposed the classification of microcline hatches [32]. It is based on
four criteria: a) the size of twin individuals (sub- and microscopic); b) the character of
distribution of the hatch (compact, sectional, zonal); c) the perfection degree of the form
and boundaries (clear or permeative boundaries); d) morphology of the hatch, defined by
quantitative correlations between individuals of one and different twinning laws. It should be
noted that their informational value could be depreciated because of the considerable variation
of some characteristics (size of domains) and uncertainty of others (perfection of the form).
According to the correlation of twin individuals (lamellas? domains?) N. K. Kramarenko
distinguishes three morphological types of the hatch: a) sheaf-like (individuals of one twin
law predominate); b) chess-board (whith nearly equal volume of individuals of the pericline
(P) and albite (A4) law as well as the right and left individuals); c) check-like (with the same
volume of individuals of 4- and P-twin system, but with predomination of the right (or left)
individuals within every other twin system). The latter two types are determined on the
supposition of equivalency and, hence of the same stability of pericline and albite twin
individuals. As observations showed [8, 16] an intensive reorientation of the pericline domains
to albite ones occurs in microcline, but morphology of the former remains the same. The
chess-board structure has been created in the region of A- and P-twin system intersection
and does not contain pericline domains after its remaking [16].

There is no simple conformity between the type of twin microstructure, observed in
optical and TEM scales, and the structural type of KFS, which is defined from the diffraction
data. It mainly concerns the fine-scaled twinned crystals that display optical and the X-ray
symmetry as monoclinicity. X-ray triclinic KFS (microclines), despite the variety of the
optical "picture”, are defined by the powder diffraction as highly ordered one. Single crystal
study (X-ray diffraction and SAD) enables to distinguish the structural varieties with one or
another type of transformation of a domain structure. The comparison of diffraction data
(SAD) and TEM representation is presented in [2, 8, 16]. Bambauer H. U. et al. [2] having
compared TEM image and structural parameters (2¢, and At,), showed the position of KFS
with different types of twin structure in the diagram A#,—2¢,. This gradation is shown in the
diagram A—21, (Fig. 1, a), where morphological Bambauer types are shown under the condition
A = At;. The position of orthoclases for A <0.3, which is diagnosed by the powder diffraction
as monoclinicones, is also shown. "Tweed" orthoclases, in accordance with H. U. Bambauer
et al., have A¢; from 0 to 0.4 and, so, they may be also triclinic according to Al/Si distribution.
Structural parameters of "tweed" orthoclase observed with the use of SAD belong to very
small volume of the crystal. That is why the position of "tweed" orthoclase on the trend of
ordering conforms to local equilibrium ordering of separate domains. "Tweed" orthoclase
should be placed on the right of the line of trend in the diagram A—2¢,, because in common
case A # At; and characterizes only the diffraction symmetry of KFS.

Moreover, sometimes it is difficult to compare morphological types of twin structure,
observed in TEM and optical microscope. Tweed orthoclase is always observed in sub-
microscopic region and does not have its optical analogue. Irregular microcline also belongs
to submicroscopic structures, transitional from orthoclase to microcline. Its size
characterization cannot be useful, because it contains "blocks" of tweed-orthoclase and
larger "blocks" of microcline. The diffraction symmetry of such mixed structure will be
monoclinic if domains’ sizes in microcline blocks are no more than 5—10 nm. If some twin
cross-hatching regions enlarges, we will register the mixture of two "phases” — monoclinic
and triclinic. Twin structure of regular microcline is observed on the optical scale, but the
presence of relict (tweed) and newly formed cryptotwin (monoclinic) structure expands
optical interval of its observation till submicroscopic region. It is important to distinguish the
type of the structure, corresponding to later stage of evolution, and relict initial type, which
may be rather stable. Coexistence of orthoclase and microcline in one crystal is the widespread
situation. But, twin's size enlargement may not always be the proof of the development of
the transformation process. The transformation and enlargement of twin structure may be
accompanied by formation of fine-scaled twinning. As it has been shown [8, 16], reorientation
of periclinic twins into albite twins is accompanied by formation of a very fine-scaled albite
hatch, which appears optically monoclinic. These newly formed regions of submicroscopic
domains against a background of microscopic cross-hatching of microcline have nothing in
common with initial structure of tweed type. Monoclinic regions may be optically diagnosed
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Fig. 2. An onedimensional model of tweed structure (¢) which may be transformed to more coarse domain one (b, c).
Triclinic domains (7, T,) enlarge their sizes by means of addition of monoclinic domains (M)

Fig. 3. Dependence of 2¢ as a temperature function for potassium-rich feldspars. This curve is similar to another one
that proposed by W. L. Brown and 1. Parsons [3]. Despite the fact, that sharp break of curve at ~ 500 °C is no of the
first order transition it is rapid change of 2¢, in comparison with a long of time of the intrusion cooling

as orthoclase, but X-ray analysis will show triclinic symmetry if the size of domains is not
small enough.

In this connection we should note, that terms "optical orthoclase" and "X-ray orthoclase"
are not actually identical [2], as the former shows monoclinic symmetry only on the optical
scale. It is also possible, that persistent transition exists between them, because there are no
principal limits for gradual enlargement of domain’s size and formation of the structure,
"observed" as triclinic by X-ray and as monoclinic by optical study. It should be noted, that
submicroscopic size of twin domains of irregular microcline supposes that it will be
characterized by X-ray diffraction as orthoclase.

So, coarse gradation of twin structure of KFS according to average size of twin domains
can be the following: a) sub-microscopic structures (tweed, irregular microcline), are displayed
as X-ray orthoclase; b) microscopic structures (optical orthoclase, microcline), show triclinic
X-ray diffraction. Optical orthoclase is better to describe with the term of A. S. Marfunin —
cryptohatched microcline [12].

Mechanism of Twins Enlargement. Twin domains enlargement can only occur due to
addition of certain domains to neighboring ones. As two adjacent domains are in different
orientation, the process of enlargement is reduced to reorientation of domains. Many details
of domain reorientation remain unclear but two assumptions seem to be rather well grounded:
1) reorientation process includes exchange (diffusion) of Si and Al in the structure positions
of T\, and T),; 2) probability of reorientation is inversely proportional to thickness of
domains. So, twin structure stability increases with the increase of ordering of domains (that
is their "triclinicity") and thickness. It means that twin structure enlarges most quickly
immediately after inversion. After the achievement of the certain scale of twins the system
becomes relatively stable. At the same time observations reveal that against the background
of the twin cross-hatching "monodomained" areas of maximum microcline deprived of twins
are formed. It means that size of domains does not prevent them from enlarging. There are
probably some mechanisms of twin domains enlargement, which act at the definite segment
of the size scale [18]. We can conditionally divide them into three groups: a) mechanisms,
where physical processes predominate; b) mechanisms with chemical reactions predominance;
¢) combined (mixed) mechanisms.

It should be noted that despite the degree of twin structure transformation, both orthoclase
and microcline have high ordering. It means that the process of twin's transformation either
occurs very slowly, or it occurs with the help of catalyst (for instance H,O fluid) or the both
factors work. As the influence of water fluid on the ordering has been already proved [21, 27,
28, 3, 36], chemical component is also present in the physical mechanism of enlargement.
Perhaps, there are several physical mechanisms of enlargement. One of them is realized at
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the stage of transformation of fine-scaled cross-hatching of twins (near the inversion point),
the other one transforms more coarse structure. Crystal elastic energy decrease in general is
common for them. Tweed-structure transformation probably occurs immediately after the
inversion. Tweed-orthoclase [2] has relatively high degree of ordering (2f, to 0.8), and it
points to high intensity of Si/Al-exchange. As further transformation of tweed-orthoclase to
microcline occurrs very slowly, we may suppose that such system is rather stable. But
considerable local distortions of the structure are typical of tweed-orthoclase [13, 5], they
cause elastic strains and such a system cannot be stable. This contradiction is intensified by
the fact that coexistence of orthoclase with typical tweed-structure and microcline with
large-scaled cross-hatching is well known [8, 25].

In order to demonstrate the possible mechanism of physical enlargement of tweed-
structure one can examine its behavior near the inversion point under slow temperature
decrease and under considerable fluctuations of temperature. We can consider a model of
A. C. Mac Laren and J. D. Fitz Gerald as a tweed-structure model [17]. J. D. C. Mac
Konnel’s idea of two transverse distortion waves is also reflected here [13]. At the same time
that model may be considered as a simplified onedimensional variant of the tweed crystal.
Besides, the results of R. A. Egleeton and P. P. Busek represented in [5] point to the
possible presence of monoclinic domains in tweed-structure. The existence of thin monoclinic
domains in anorthoclase on boundaries of triclinic domains was proved in experiments [9].
Onedimensional chain of domains with different geometry is shown in Fig. 2, a. Their
mutual position corresponds to twin configuration. Domains, marked as M, have monoclinic
symmetry, 71 and 72 — triclinic one. It is supposed that Al/Si ordering of domains M is
lower than that of triclinicones. Let this structure be under the temperature below, but close
to the inversion point. If to suppose the dependence of 2¢, on the temperature (Fig. 3),
proposed by W. L. Brown and J. Parson [3], we can see, that the ordering changes rapidly
near the inversion point. It means that negligible fluctuations of temperature AT cause
intensive oscillations in distribution of Si and Al. As the difference in the degree of ordering
of M and T blocks is not considerable, under thermal oscillations of block M we may obtain
"triclinic" geometry for some time. If this geometry is fixed by "triclinic” distribution of Al
and Si, M block will be added to T block and it will result in 7'block enlargement and in the
decrease of the "system" energy (Fig. 2, b). If to repeat this process many times, monoclinic
domains will disappear, and the size of triclinicones will increase (Fig. 2, ¢). Onedimensional
structure’s stability will increase with the enlargement of triclinic domain size and with the
loss of monoclinic. After the "triclinization" of all the monoclinic domains further enlargement
will be possible only if triclinic domains are reoriented. Their reorientation is also possible
under the same mechanism but the probability is much less. It is clear, that domains of the
smallest size are first exposed to reorientation. It is quite natural that preliminarily
"monoclinization" of triclinic domain is necessary and more substantial deformation is required
for it. But, as a result we have three domains of one orientation. High rate of Si, Al exchange
in 7] positions is necessary for the process proceeding. It will depend upon the fact how
much the crystal temperature is close to the temperature of inversion. Taking into account
slow cooling of large intrusions the enlargement process under this mechanism seems to be
rather real. Fluctuations of temperature may be caused by different reasons, for instance by
thermal flows in cooling plutons. The considered model is undoubtedly very simplified and
does not answer many questions. For example, to what size can be the domains enlarge
under this mechanism?

It is well known that pericline twins cannot exist separately from albite in KFS, while
albite can be a single twin system. In fine-scaled twin structure (for instance, of orthoclase)
the role of pericline twinning is more considerable. It is proved by more often display of M-
structure at the early stages of evolution. In microcline with rough twin lamellas the pericline
twins are rarely observed. Lamellas with pericline morphology are present instead of them,
but they have albite orientation with respect to other albite individuals. We may suppose that
the pericline twins reorientation the to albite is a natural process, aimed at liquidation of
energetically unfavdurable configurations of P-domains [31]. This reorientation is simplified
by the peculiarity of crystallographic correlation of albite and pericline twins. As F. Laves
has shown [10], there are pairs of individuals, which can be matched with each other by the
turn around irrational direction close to [104] by the angle of ~ 3° in the structure of albite
and pericline twins. So there are no rational relations between the domains of pericline and
albite systems. This is the result of transmission of KFS from monoclinic symmetry to
triclinic. As it is shown in Fig. 4 the domain of pericline system (P;) can easily be reoriented
to the domain of albite system (A4,), but not to the neighboring domain (4,). The necessary

52 ISSN 0204-3548. Mineral. Journ. (Ukraine). — 2001. — 23, N 5/6



EVOLUTION OF TWIN STRUCTURE OF ALKALI FELDSPARS

Fig. 4. Transition areas from pericline twin domains
(P,, P,) to albite twin domains (4,, 4,) according to
F. Laves model [9] (¢) and TEM observations (b) of
Fitz Gerald J. and Mac Laren A. [8]: @ — reorientation
from P, to A, easily occurs, but from P, to A4, it is
impossible as domain boundary between P, and 4, is
semi-coherent (shown by arrow); b — new formed albite
twins (4,, 4,) on boundary of pericline twins (P, P,).
The albite twins boundary is very twisting. The structure
of albite-pericline boundary is not clear, but it is possible
that the connection of 4,- P, and A4,- P, is semi-coherent

s —— -

s o i o

a b

condition of reorientation is the availability of contacts parallel to [010] between the
domains of pericline and albite systems. The exact reorientation mechanism is unknown
and that is why the model in Fig. 4, a only shows a principal possibility of such
transformation. J. D. Fitz Gerald and A. C. Mac Laren [8] showed that ruining of pericline
domains occurs at their mutual boundaries as the result of formation of the system of fine
albite domains. In this process every boundary of pericline domains transforms twisting
boundary, separating the regions of different orientation of albite twins (Fig. 4, b and 6, 7 in
[8]). A well known "chess-board" structure occurs also in consequence of incompatibility of
albite and pericline twinning. Optically monoclinic squares (dark in the optical micrograph)
consist of very fine albite twins, and light squares — are not twinned regions (Fig. 7) [8].

The origin of fine-scaled twinning is not quite clear. It is supposed that it is caused by
the pressures, which occur during transformation of pericline twinning system [16, 30]. If
so, then it enables the possibility of formation of secondary twins on the very fine scale
under the other (not inversion) mechanism. It is noticeable that fine-hatched regions,
sometimes transmitting to optically monoclinic, are often observed in microcline, which
does not contain the X-ray monoclinic phase. At great optical magnification dark checks of
chess-board system also reveal fine-hatched twinning. The form of the checks is not absolutely
correct and the boundaries are indistinct, diffuse. Untwinned light checks neighbor with
lamellas extended along [100] also deprived of twins and oriented in the same direction. It
makes such an impression that the fine-hatched structure was primary, but later partly
transformed to monodomain (untwinned) regions. The mechanism of such transformation
is not clear, but it contained intensive transformation of the left domains into right ones or
vice versa. It is possible that the formation of the "patched" twin structure on later evolution
stage occurs under recrystallization mechanism took the participation of the water phase.

Evolution Stages of Twin Structure of KFS. Change of crystallographic and morphological
characteristics of twin structure of feldspars under the influence of external (7, P, time,
fluid) and internal (crystallographic discrepancy of domains, internal stress, fluid inclusions)
factors causes more energetically stable configuration of twin domains at every stage of
transformation. The process of untwinning is accompanied by removal of high-energy twin
boundaries and this results in the decrease of the system free energy. Monodomain is the
most stable state of a crystal; twins are absent in it. When twin domains enlarge, the number
of twin boundaries decreases. It is one of the ways of stable equilibrium realization. The
enlargement extent may be evaluated if we compare tweed orthoclase and cross-hatched
microcline. Taking the size of tweed-structure domains equal to 5.0 nm [17] and the average
size of "optical" domains of M-microcline equal to 10 um, we will get ~ 103 of multiple
enlargement of domain structure during tweed orthoclase transformation to microcline. The
fact, that the definite twin configuration of domains (for instance, M-twinning) is observed
on the optical and TEM scale, it proves the reality of the enlargement process in nature. In
most cases the enlargement is shown as local change of twinning scale. As a result, we can
observe considerable variation of twin domain's sizes within one sample or section.
Nonhomogeneous distribution of orthoclase and microcline coexisting in the same crystal is
also the result of local enlargement (transformation) of initial monocline structure. Therefore,
the evolution of twin structure should be studied on the basis of morphological types but not
the domain’s size.

In the process of twin domains enlargement not only replication of twin configuration
in large scale occurs, but also its basic morphological peculiarities can be considerably
changed. Moreover, modification of domains configuration can occur also without considerable
enlargement of their sizes. Irregular microcline is the product of tweed orthoclase
transformation. It consists of transformed regions of tweed-structure, which are mainly
twinned under albite law [7]. Their size (up to 100 nm) is only 20 times larger than the size
of protodomains of tweed-structure [17]. An interesting peculiarity of tweed-orthoclase
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Fig. 5. Fragments of finely cross-hatched structure (dark
and grey) in untwinved microcline (light). The
modulation effect appears as alternation of dark and
light bounds against the background of thinly cross-
hatched twins (Shevchenkovo). The thin lamella in the
central (grey) is albite exolution (x 150). Here and
farther an observed plan is (001) section and all
micrographs taken with crossed polars

Fig. 6. The transformation of orthoclase to hatched microcline (a) and creation of an anisotropic stripes in orthoclase
matrix (b) (Volyn): a — the central dark areas are twinned on submicroscope scale and so it is optically monoclinic
(orthoclase). The light and dark like-twins stripes have albite twin orientation with diffusion boundaries. Near perthitic
exolutions (above and down on the left) the twins are less broad and have distinct twin boundaries (microcline) (x 200);
b — the anisotropic stripes beginning on allbite exolutions boundary appear broadening at some distance from it. Their
orientation is subparallel to albite twin boundaries in perthites (x 300)

transformation is noted [7]. The bands 20—500 nm long with less visible tweed-structure (or
they do not show tweed contrast at all) form in the matrix of tweed-structure. These bands
are in the twin orientation one to another. They do not have clear boundaries. Twin orientation
under albite law predominates. In twin band an electron diffraction shows higher triclinity
(y* > 91°), than in tweed-matrix. Important peculiarity of these bands draws attention —
each of them may contain tweed-structure. It may be supposed, that twin bands characterize
the first stage of "domainization" of tweed-orthoclase, under which the large-scaled twin
domains of microcline are born. Tweed structure transformation occurs in such a way that in
neighboring bands only right or left microdomains survive. After "monodomainization” of
two neighboring bands albite twin occurs. The character of a twin boundary depends on the
extent of transformation tweed-structure microdomains of. If the process of transformation
is over, twin boundaries will be clear, otherwise they will be diffuse.

It is interesting to note that such "micromodulation” of fine-scaled twin structure is
observed both on the optical scale in orthoclase and monocline regions of fine-scaled cross-
hatched microcline (Fig. 5). Every band consists of fine-scaled cross-hatched microcline
and appears when the cross-hatching is very dense, as well as optically monoclinic. Twin
bands formation is associated with disturbance of the ratio of right and left domains, and as
a result, either right or left domains predominate in the adjacent bands (according to the
terminology of A. S. Marfunin [12] the system of twins is "unbalanced"). The bands are
oriented as albite twins but they rarely show periclinic orientation, extending along [010]
direction. It is supposed that bands formation would be accompanied by the decrease of
density twin cross-hatching of initial orthoclase structure and formation of less compact
cross-hatching. It is also accompanied by disbalance of domain number in the left or right
orientation. Density of relict cross-hatching twins slowly decreases from the axis part of the
band to its boundaries. It makes the effect of undulating (waving) extinction. A surprising
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Fig. 7. The irregular twin structure which consists of chess-
board structure sections (on the left) and A-hatched
structure (vertical and horizontal lamellae). The horizontal
albite twin lamellae inherited the morphology of the former
pericline twins (Shevchenkovo) (x 50)

peculiarity of such transformation of twin microstructure is that the natural microdomain's
reorientation occurs within geometrically regular region, the area of which greatly exceeds
the sizes of microdomains of primary twin structure. It makes such an impression, that the
primary structure modulated beforehand under the influence of some factors and programmed
the formation of twin bands. It is possible that the stress, which often occurs in heterogeneous
crystals of KFS (exsolutional lamellas, inclusions) may be such a factor.

Transformation of optical monoclinic areas of fine twinning structure (orthoclase) to
cross-hatching areas (microcline) is observed in KFS from chamber pegmatite of Volyn.
Orthoclase content varies from 100 to 0 % that points to its transformation to microcline. It
has been proved by the fact that orthoclase and microcline correlation depends on KFS
sample position in pegmatite body. In polarized light orthoclase shows weak wavy extinction,
but in some cases wide anisotropy bands of twin (albite) orientation with wide diffusion
boundaries develop against this background (Fig. 6, a). Since clear cross-hatched structure
of microcline exists in such samples, it is difficult to define the diffraction symmetry of these
bands and to establish genetic connection between these regions and fine-scaled cross-
hatched microcline. Optical observation shows that visualization of cross-hatched microcline
is preceded by formation of numerous centers of stress in monoclinic matrix (orthoclase).
They are displayed as weak anisotropy regions, well seen against dark monoclinic background
(Fig. 6, b).

It is assumed that this way of transformation of submicroscopic twin structure to
microscopic one is not common and may appear under certain conditions. Since, twin
structure forms mainly under albite law, the balanced albite-pericline system (M-structure)
cannot form is this way. Configuration of four domains of M-structure may be an initial
product of tweed-structure transformation, but not irregular microcline. The number of
pericline twins in irregular microcline is less than that of albite twins. It means that
P-domains transform to A-domains on submicroscopic scale. The fact, that M-structure has
different scale of development (from sub-microscopic to microscopic) it proves the possibility
of its enlargement without a loss of periclinic component. In irregular microcline it is
observed the situation, when periclinic twins are present in the less quantity in 4, P-structure.
It means that P-domains transmit to A-domains on submicroscopic scale.

Formation of the system of enlarged domains, twinned under albite and pericline law,
is not the final stage of tweed-structure evolution. At the result of irrational character of
composition plane of pericline twins their configuration is not energetically stable [31]. That
is why further evolution of twin structure is displayed in substitution of pericline orientation
of twin domains to albite one. This process was studied with the use of TEM [8, 16]. It has
been shown that there are two ways of transformation of pericline twins to albite one. The
first way is based on substitution of pericline lamellas by fine-twinned albite which develops
in pericline twin boundaries. As a result there appear regions with albite twin orientation
extended along [010] but with morphology of pericline twins. In consequence of junction of
newly formed and old albite twins regions expanded albite twins areas occur. In these areas
all twin individuals have albite orientation (Fig. 7). Such a structure may be called A-
structure because all domains are related with each other by albite twin law. However, there
is no exact match of two lattices. Slightly disorientation of these lattices about 2° exists [8].
The second way of pericline twins transformation is realized parallel to the first one.
Crystallographic discrepancy of albite and pericline twins causes structural collision in the
region of their intersection. A new type of cross-hatched twin structure, known as "chess-
board" structure, develops as a result (Fig. 7). Light squares are triclinic monodomains in
albite configuration, the dark ones (monoclinic) are presented by fine-scaled twins under
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Fig. 8 The mosaic twin structure on perthite/orthoclase
interface is developed. Perthitic albite is twinning on the
albite law (a tipical A-structure). Orthoclase (dark field) is
heterogeneous due to anisotropic like-twins bands (Volyn)
(x 200)

Fig. 9. The patchy twin structure. The left domain orientation
(grey) is predominant. The relic inclusion of the perthite
with albite twins is also presented (Volyn) (x 40)

albite law. Another type of chess-board structure is realized in so called diagonal association. *
In this configuration twin domains have intermediate orientation between twins under albite
and pericline law.

The twin structure, described as diagonal association, is widespread in some KFS from
granites of the Ukrainian Shield (Novoukrainka and Kirovograd granites). Despite the opinion
[29], that diagonal association is observed only in a perthitic feldspar (Ab > 30 %), it was
also seen in nonperthitic microcline (chamber pegmatites of Volyn). Besides, transformed
orthoclase of these pegmatites shows the so-called mosaic twinning. Morphological peculiarities
of this twin structure are shown in confused distribution of albite twins of irregular form.
Clear boundaries and sharp extinction are typical of them. According to X-ray researches
this structure presents D-association. Twin mosaic forms separated regions in homogeneous
orthoclase, which also contains regions of cross-hatched microcline (Fig. 8). Twin mosaic is
often observed in the field of development of cross-hatched microcline, but shows sharp
boundary with it.

D-association formation is one of the ways of transformation of albite-pericline twin
structure to more stable system. Widely spread diagonal association seems to confirm this
point of view. As TEM researches showed [16], a structure of D-association appeared to be
rather complicated. Firstly, twin pairs can have two orientations, imitating M-structure, and
secondly, they alternate (in chess order) with the regions of fine-scaled twinning under
albite law. These regions are sectors of strong stress and have to disappear with time, either
forming a monodomain, or developing a fine-scaled structure consisting of D-domains [17].
A relative stability of D-association does not remove the possibility of its further transformation
to more stable configuration, which is presented by the system of albite domains of large
size.

As observations show, at the last stages of evolution of twin structure of microcline,
cross-hatching of albite twins with large twin domains appears to be stable. In this twin
system the ratio of right and left domains is disturbed and some of them predominate
(according to terminology of A. S. Marfunin such a system is unbalanced). After addition of
large pericline twins to former twin system new numerous twin boundaries form. If prime
albite twin's boundaries along trends are parallel to (010) plane, then new boundaries paralleled
to [010] occur. If the former are clear and straight-lined, the latter are diffusive and uneven.

* Some authors use the term "irrational twinning" [12]. The term is inappropriate, as pericline twinning is also
irrational.
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Fig. 10. The thinnest twin mosaic of the low microcline
placed in the middle of the wide perthitic intergrowth
(in central and up right). Twin-like structure in
anisotropic area of the orthoclase matrix shown
(bottom right) (x 250)

Fig. 11. Albite twin domains of the perthitic exolution (in
center) are coherented with microcline twin domains which
originate on the orthoclase matrix boundary (x 150)

Extinction of domains on the straight-linear boundaries is sharp, on the serrated ones it is
undulating. There is such an impression that boundaries along [010] are the front of conversion
of one twin domain to another (the left to the right and vice versa). The right and left
individuals ratio may be unbalanced to such an extent that those individuals, the number of
which is less, seem to swim in the larger individual (Fig. 9). Sometimes domains of the
opposite orientation disappear and then extensive regions of non-twinned microcline with
large extinction angle (17—22°) are observed. This points to the fact that in certain conditions
hatched A-structure of microcline proves to be unstable and may be transformed to patching
structure with unbalanced ratio of the right and left individuals and then may be transformed
to monodomain.

Twin mosaic with clear boundaries between individuals and with extinction angle 15—
23° occurs in orthoclase-microcline feldspar from the Volyn pegmatites. As a rule, it is
formed in the region of development of rough segregated perthites, at the contact with them
or in the middle of the broadened perthites (Fig. 10). Sometimes gradual transition of twin
mosaic to triclinic untwined KFS is observed. But the transition of cross-hatched microcline
to "patching" or to twin mosaic structure does not seem to be gradual. Boundaries between
them are clear. At the same time orthoclase transition to fine cross-hatched and rough
cross-hatched microcline is well seen Fig. 6, a. In rare cases in the middle of patching twins
the relicts of cross-hatched microcline are observed. This proves the fact that at the formation
of "patching" structure fine cross-hatched microcline was the initial material.

As it was mentioned above, patching and mosaic twin structure gradually transform
to triclinic regions without twins. Such transition is observed in orthoclase, content of
perthites phase in which reached 40—45 % (Volyn pegmatites). In microcline from
rare-metal pegmatites (Shevchenko), containing no more than 20 % of perthitic phase,
monodomain regions also form, but patching or mosaic structures were never observed.
Formation of untwinned microcline occurs at the expense of cross-hatched one. These
differences in the character of transformation of twin structure are so noticeable that
they enable to suppose the existence of definite connection between processes of
transformation of twins and perthites.

Perthites and Twin Structure of KFS. The relation of albite twinning in KFS and in
exsolutional lamellas of albite has been observed [8]. In many cases direct interdependence
between twin structures of potassium matrix and perthitic phase was not observed. The only
exception is KFS from chamber pegmatites of Volyn, in which content of perthites varies
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from 15 to 45 % [20]. Perthites are segregated differently and their morphology changes
from linear to roughly wavy sinuous. Their orientation changes from [010] to [110]. Wide
perthites may draw together up to their complete junction. Later generation of perthites,
presented by fine extensive lamellas, which are strictly oriented along [010] direction, is
observed. Their quantity does not exceed 15 %. They form not large fields in the regions free
from coarsening perthites or fill the space between the wide perthites. Relation of twin
domains of perthite lamella and matrix microcline is shown in Fig. 11. As one can see, the
majority of albite and KFS domains conform to each other by the width, but they have
inverse chirality. It means that the right domain of albite phase joins the left domain of KFS.
One can notice some other signs of the effect of perthites’s morphology on twin structure of
KFS: a) centers of stress causing weak anisotropy of orthoclase, which precedes the formation
of diffusion twin banding, originate along the boundaries of perthites; b) in the sections of
development of thin linear perthites K-phase is monoclinic (slightly anisotropic) or fine
scale cross-hatched with the large number of diffusion boundaries; in the sections where
rough sinuous perthites develop KFS is presented by clear cross-hatching structure, patching
or twin mosaic; c) there is a definite zonality in the position of different types of twin
structures relative to perthite lamellas: the more transformed twin structure is always disposed
near perthites boundaries; d) under the rapprochement of wide perthites the cross-hatched
microcline transforms to patching A-microcline or to twin mosaic. In the region remote
from perthitic lamellas KFS is presented by orthoclase or finely cross-hatched microcline;
e) when perthites display the indications of intensive recrystallization (for instance, form
integrowths of subparallel (010) idiomorphic crystals) microcline is presented by patching
twins or forms large sections without twins.

Presented relationship of perthites morphology and twin structure of KFS is not
accidental, and obviously, it reflects the influence of some general factor, for instance, water
fluid, on the process of their transformation. Some petrologic and mineralogical data,
confirming this point of view, will be considered below.

Factors of influence on twin structure evolution. Petrographic observations show that the
untwinning of KFS crystals in the rocks of different genesis occurs with different intensity.
It is also known that characteristics of twin structure (twinning scale, hatch morphology)
strongly vary within one crystal. One can conclude that there are internal and external
factors which affecting on the process of twins transformation. The influence of external
factors is absolutely the same on all KFS crystals. One can suppose that the result of such
influence on the twin structure will be the same in every crystal and in every point of the
crystal. This supposition is true if the temperature * is also considered as the external factor,
but the result of influence of non-hydrostatic pressure on the crystal will depend on the
crystal orientation in the field of pressures. But there are no convincing arguments of such
influence. Though microcline is widespread in abyssal intrusions, its formation could be
associated with the effect of water-containing fluid but not with the overburden pressure.
Orthoclase stability in granulites and charnockites, which crystallized in the conditions of a
dry system but at high pressure, could also be the indirect proof of this. But we do not know
what was the pressure at a temperature below the KFS inversion point, and how long it was
maintained at the level above the hydrostatic one. Thus it is necessary to allow for the
influence of the time factor, which defines the duration of the untwinning process. The
temperature interval of the twin structure transformation, is limited by the inversion
temperature (~ 450 °C) and the temperature of active diffusion of Si and Al (~ 250—200 °C).
The degree of twin's transformation will depend on the time of the system sojourn in this
temperature interval. Since the microcline crystallization took place both in old and young
rocks the activity of deuteric solution may be the most significant than time.

The influence of internal factors of untwinning manifests in a local character of the
twin structure transformation. The coexistence of twins, differing by morphology and size of
domains, in one crystal may be considered a general conformity. The reasons for local
development of the processes of twins transformation could be a nonhomogeneous distribution
of internal pressures, caused by formation and development of exolution lamellas. It is
extremely difficult to separate the influence of one factor from the other, but the analysis of
petrologic and mineralogical data enables us to suppose that the "fluid" factor was the main
one in the process of transformation of twin structure in KFS. At least it was of the last
stages of this process.

" It is possible, if to take into account that the source of heat is outside the crystal and if not to take into account
the gradient of temperature in not large volume of rock of plutonic intrusion (for instance, granitic batolite).
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Fluid and Twin Structure Transformation. It is well known for petrographers, that KFS
in the rocks of metamorphic facies of high pressure and temperature (granulites, charnockites)
is always presented by orthoclase. In lower-temperature facies with typical water-containing
minerals (amphiboles, micas) microcline is predominating KFS. I. Parsons and R. Boyd
[23] studied orthoclase-microcline relation in four salic intrusions complexes. They concluded
that the role of microcline increases as the norm of rocks, forming the complex, approaches
the temperatures minimum on the liquidus of Ab — Or — An — Q system. It is supposed,
that variations of microcline/orthoclase distribution may reflect the increase of water content
in the fractionated magma. These observations were compared with data of the feldspar
spreading in other plutonic rocks, and the conception of "dry" and "water-containing” systems,
appeared. Under these conditions orthoclase and microcline crystallized, correspondingly.
After determination of twin (domain) nature of orthoclase and definition of its status as a
thermodynamically unstable phase, it became clear that major difference between orthoclase
and microcline is defined by their twin structure. Since twin structure occurs under the
inversion of monoclinic sanidine to microcline at a temperature of 450 °C, it was supposed
that water fluid could be one of the factors of twin structure transformation. Really, twin
boundaries in a feldspar are conservative, because their movement is controlled by the
exchange of Al and Si in 71 positions of the structure. The diffusion rate decreases rapidly
and the exchange of Al and Si could by frozen at low temperature (< 200 °C). Water can also
be the catalyst of the processes of feldspar subsolidus transformation, as a dimensionless
proton is its active component. The significant study of transformation and enlargement of
exsolutional albite lamellas under the interaction with deiteric fluid has been carried out [22,
33, 34]. It was proved, that coarsening of perthites is accompanied by formation of
submicroscopic and microscopic pores, which serve as ways for penetration of water fluid. It
is supposed, that basic reason of formation of micropore channels is the removal of coherency
between perthitic lamella and matrix. The arrival of water fluid into a feldspar through the
system of open micropores activates and accelerates the process of perthites segregation and
their "recrystallization” to patching perthites [6, 22]. It should be noted, that conversion of
pericline system of twins to albite system is accompanied by misorientation of neighboring
regions by the angle of about 2—4° [8]. It creates preconditions for formation of micropores
in the sections of partially transformed twin structure. As optical observations show, possible
ways of fluid penetration (micro-cracks, boundaries of solid inclusions) in to optically
homogeneous orthoclase are marked by development of fine-scaled cross-hatched microcline.
In the regions of development of patching twinning and monodomainization high
concentration of microscopic inclusions of secondary minerals (mica, carbonate) is observed.
These regions always coincide with the feldspar "turbidity” zones, which are considered by
Parsons as the result of interaction with deiteric fluids [22]. If orthoclase transformation to
microcline occurs under interaction with water fluid, then transformation degree will depend
on the fluid activity and duration of the process of interaction. Orthoclase/microcline ratio
for KFS could be considered as the twin structure transformation degree.

Chamber pegmatites and diaphthoresis zones in charnockites represent two different
geological situations, where orthoclase transformation to microcline is known. In these two
cases water fluid can be of different origin. It can be localized in the feldspar crystals in
pegmatite, while in charnockites it can come from surrounding rocks at the stage of
diaphthoresis.

Chamber pegmatites of Volyn (Ukraine). Chamber pegmatites crystallized in relatively
close system. Their differentiation degree is different and depends on the size of pegmatite
and initial water content in the silicate melt. Formation of contrast zones under the
crystallization is typical of highly differentiated pegmatite. Orthoclase, microcline and their
mixture present KFS. Some general peculiarities of their correlation are typical of the great
number of pegmatites [20]: 1. Orthoclase is the predominating phase in all zones of weakly
differentiated pegmatites. Microcline privails in highly differentiated pegmatites but in the
external zones it often coexists with orthoclase. 2. Microcline content increases in each
pegmatite from the external graphical zone to the internal zone of quartz nucleus. Orthoclase/
microcline ratio changes in the intermediate zones, but the tendency to the orthoclase
amount decrease remains. 3. In the surrounding granites orthoclase always predominates.

Water content in silicate melt increases under consecutive crystallization of pegmatite
zones. The growing feldspar crystal is in equilibrium with the silicate melt. When water
dissolves in the melt, certion its part passes into a solid phase. One can expect that during
crystallization part of water, included in a solid phase, should be in proportion to water
content in the silica melt. That is why KFS, crystallized at the last stage, will be largely
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Fig. 12. The diagram A vs2t, for differentiation chamber pegmatite
(Volyn). Zone: 1 — external graphic pegmatite; 2 — intermediate
pegmatoid; 3 — inner of free growth

enriched with water. Natural change of orthoclase/
microcline ratio in pegmatite zones points to possible
influence of fluid preserved in the crystal on the twin
structure of orthoclase and orthoclase-microcline
transformation. Structural parameters A and 27, of KFS
from of chamber pegmatite are shown in Fig. 12. It
should be noted that the ordering of the monoclinic
phase changes in a wide region, and at the same time
microcline is presented by highly ordered variety. The
ordering of fine-scaled cross-hatched microcline is the
same and that is why it cannot be used as the twin
structure transformation index. The amount of newly
formed microcline could be such index. It is known
that the melt, enriched with water, is able to accumulate
some rare elements (Li, Be, Rb, Cs and others). Close
sizes of Rb and K are favourable for substitution of the
latter in the structure of KFS. Content of Rb increases from the graphic zone to the internal
zones in chamber pegmatites. But the content of microcline phase in the KFS crystal
increases as well. It can be seen in Fig. 13, that K/Rb ratio reflects the correlation between
activity of the untwinning factor (H,0) and water concentration in the melt. We have no
proofs that hydrothermal fluid at 7 < 450—400 °C and localized in the inter-grain space,
takes influence on orthoclase. For instance, in a graphical pegmatitic zone, where metasomatic
mica develops, orthoclase does not show changes in to microcline.

Charnockites. Main fluid component under crystallization of granulite rocks is CO,.
It means that the granulate system was formed in the "dry" regime. Development of
orthoclase is the main peculiarity of granulites and charnockites (Fig. 14). If charnockites
contained microcline, diaphthtoric changes could be found in the rock. In this case it
is necessary to suppose a possibility of water fluid infiltration in KFS trough the system
of intergranular capillaries and microcracks. Time, obviously, is the major driving force
of this process, but it is known that deformation of orthoclase causes its transformation
into microcline [29].

Discussion. A possible scheme of initial tweed structure transformation in to tweed
orthoclase and more stable configurations is shown in Fig. 15. Some of them can be
presented as independent twin structures (for instance, A, P-structure), others as
intermediate products of transformation (for instance, irregular microcline as the mixture
of tweed and A-structure). The tendency of the increase of twin domains’ size under
orthoclase-microcline transformation is not evident in this scheme. This is caused by
the fact, that the same type of twin structure can be observed both on the submicroscopic
and optical scale. For sample, the balanced A, P-structure may be seen in orthoclase
and M-microcline, characterizing the size aspect of tweed structure evolution. It should
be noted, that twin domains formation is an independent stage of the post-inversion
history of KFS. Mac Konnel’s model [13, 14] of initial tweed structure cannot be
considered as a real twin (domain) structure. The distinct domain boundaries are absent
in it and thus the principal morphological sign of twinning is also absent. Transformation
of the partially ordered and distorted monocline structure into the system of triclinic
domains, which are in twin relationship with each other, probably, occurs gradually.
Otherwise, certain time is required (even other conditions being observed) for the
domain structure formation, and it could be more important condition, since domains
had to be ordered. The existing perceptions are mainly speculative and hypothetic,
since the process dynamics is not experimentally verified. The experiment difficulties
are caused both by slow rate of KFS ordering and the difficulty of observation of
submicroscopic domains.

After monoclinic-triclinic transition the regions of local ordering occur in the
KFS crystal. In consequence of alternative orientation of triclinic subcells the elastic
stress occurs in the postinversion structure. Partial relief of the stress takes place because
of the formation of two orthogonal waves of lattice deformation [14], causing the
contrast on the TEM-images, which is known as tweed structure. Despite the fact, that
these regions have triclinic geometry, their ordering is slightly higher than that of low
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sanidine [17]. At this stage it is difficult to define
in tweed structure the regions, which can be
06 characterized as twin domains. The domain
structure formation takes place under the
expansion of triclinic regions and their further
g4 ordering. F. Laves [10] showed that rapid growth
of triclinic domains in the monoclinic matrix of
KFS must occur in the direction [010] and [100].
This responds to morphological signs of albite
02 and pericline twins. At the initial stage of the
domains change their size does not exceed 10—
20 nm and such structures show monoclinic
_ 100  diffraction symmetry as is known from X-ray
0.70 080 0.90 10 analysis. The fact, that monoclinic orthoclase is
often characterized by high degree of ordering
(2, ~0.9 for the sample "Himulaya" [24]), seems
to point to the absence of the relations between the size scale of twin structure and
ordering. In the idealized scheme of transformation we can expect for orthoclase-
microcline transition with preservation of the balanced system of albite-pericline twins.
But, M-microcline occurs very rarely and the loss of pericline component of A, P-
structure is observed even on the submicroscopic scale in "irregular" microcline. It
probably represents the intermediate product of transformation, because it consists of
of tweed structure relicts and more large-scaled twin structure with predominating
albite twinning. The degree of ordering of large domains is higher. Despite the widespread
term "irregular microcline”, its distinguishing as the independent type of twin structure
is problematic. The ordering of irregular microcline corresponds to intermediate
microcline (2¢; = 0.8—0.9), but because of the small size of domains it shows monoclinic
diffraction symmetry, i.e., it be defined as orthoclase.

Formation of a new type of twin structure occurs when A4, P-structure "loses" the
pericline system of domains. As various observations show [8, 16, 35], pericline twins
are not preserved in the cross-hatched microcline. Only albite twins are present in
them, but some of them were formed later and have "pericline" morphology and slight-
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Fig. 15. A scheme of evolution path of KFS twin structure
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albite twins [8]. Another variant of "chess-
board" presents D-association [30]. Diagonal association is widespread in microper-
thites of some granites of the Ukrainian Shield (Novoukrainka and Kirovograd gran-
ites) and also charnockites [12]. For KFS with predominating D-structure, large values
of 2V (70—80°) are typical, which point to high degree of ordering, but relative orien-
tation is close to monoclinic and small extinction angle (about 10°) points to fine-
scaled twinning (crypto-cross-hatched microcline according to A. S. Marfunin). X-ray
diffraction shows, that monoclinic and triclinic phase is present in most KFS with D-
structure of twin cross-hatching [12, 29]. It means, that development of diagonal asso-
ciation starts even on submicroscopic scale. At the same time many samples of per-
thitesless triclinic KFS from chamber pegmatite of Volyn (close to maximal microcline
by ordering) show clear D-structure. Relicts of cross-hatched structure and recrystal-
lized perthites (also large amount of micropores and gas-liquid inclusions) evidence for
the intensive sub-solidus transformation of the mineral. It is not clear, whether D-
structure of this sample is the product of this transformation or whether it is resistant
to it. If to take into account, that strict diagonality in orientation of twin domains of
D-association is adhered rather rarely and that twin boundaries in it are irrational, this
configuration stability seems to be doubtful. We do not know the ways of further
transformation of the diagonal structure, but we know that more stable will be the
structure, which contains minimal number of domains in albite orientation or does not
contain them at all. There are, probably, some other variants of D-structure transfor-
mation. It is possible that "twin mosaic" with the signs of diagonal association belongs
to one of them.

Formation of "patching" twin structure, solely composed by domains with al-
bite twin orientation, which has lost main morphological signs of twin cross-hatch-
ing, characterizes the final stage of evolution of KFS twin structure. It is clear,
that the structure, consisting of domains arbitrarily placed and of arbitrary form,
will not be energetically equivalent to that with correct (cross-hatched) position of
domains, and for which boundaries are rational crystallographic planes. The larger
part of the perimeter of domains of patching A-structure belongs to the boundaries
with noncrystallographic orientation. Even in the case, when these boundaries in
microscale are restricted by planes (010), (110) and (100), they are less stable in
comparison with conservative planes of twinning (010). Crystallographic discrep-
ancy of the right and left A-domain in the plane containing direction [010] is
especially large. One can suppose the reorientation of twin A-domains of the patching
structure occurs just along this boundary.

Conclusion. In conclusion we should note, that it is difficult to construct a
scheme of evolution of the twin structure of KFS, which reflects in details the
process of transformation of postinversion structure. We mainly observe its sepa-
rate fragments, frozen in time. The evolution process, probably, was not monoto-
nous. Some transformations occurred quickly, others needed geological scales of
time. We can suppose that certain mechanism of domains transformation works at
every stage of twin structure evolution. But twin structure with less energy of twin
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boundaries will be the result of each evolution stage. The fact of the driving force
of the process of twin domains transformation allows one to define main evolu-
tional stages and to determine their hierarchy.
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PE3IOME. BcreacTBue MHBEPCUM CaHUIMHA B MUKPOKJIMH 0Opa3yeTcsi TOHKO-pelleTyaTast ABOMHUKOBasI CTPYKTYpa.
JBoitHMKOBast cTpyKTypa KanueBoro nosesoro iunara (KITLL) sipasiercsi HecTaOUIbHOM CUCTEMOIi, B KOTOpPOil B
npouecce CyoCONMIAYCHOTO OXJaXAEHUs] MPOMCXOASAT MPOLIECChl MPeoOdpa3oBaHMsl NBOWHMKOB, HalpaBleHHbIE Ha
YMEHbLICHUE CYMMapHOW SHEPr1M ABOMHMKOBBIX rpaHML. DBOTIOLMS J1BOMHUKOBOI cTpykTypbl KITIL nposisisiercst
B YBEJIMYEHUHU pa3Mepa ABOMHMKOBBIX JOMEHOB M UX MepeopreHTauuu. B pesyabrare 00pasyroTcst 6ojee npocTbie U
KpYyTMHbI€ IBOMHUKOBBIE CTPYKTYpbl. HekoTopble cranuu npeodpasoBaHus moka3aHbl Ha npuMepe KITHI u3 nermatu-
TOB YKpauHbl. BO3MOXHO, 4TO Mpolecc pa3iBOHUKOBAHUSI IPOMCXOIUT TOJIbKO O] BIWSIHUEM BOAHOro (dirounaa.
Ipennaraercst 0000LLIEHHAsT cXxeMa 3BOJIOLMU ABOMHUKOBOI cTpykTypbl KITIII.

PE3FOME. BHacninok iHBepcii caHiqMHa y MiKpOKJIMH YTBOPIOEThCSI TOHKOpeELLiTYacTa JBiiHUKOBA CTPYKTypa. JBiiiHU-
KOBa CTpyKTypa KaiieBoro nosbosoro wmnary (KITLI) € HecTabiibHOI0O cucTteMolo, B sKiii Mif yac cyOcosiLycHOro
OXOJIOIXKEHHSI PO3BUBAIOTHCSI MPOLIECH NEPETBOPEHHSI ABIHUKIB, 5IKi CIPSIMOBAaHI Ha 3MEHLIEHHsI CYyMapHOi eHeprii
nBiltHMKOBUX TrpaHulb. EBomouist asiitHuKoBoi crpyktypu KIILL nposiBasieTbesi B 30iblUEHHI po3Mipy Ta rnepe-
opi€eHTaLllii 1BIHHUKOBUX TOMEHIB. Y pe3yJbTaTi 1[bOro NepeTBOPEHHsI BUHMKAKOTh MPOCTillli i KPYMHillli JBiHHUKOBI
cTpykTypu. Jesiki cramii meperBopeHHs1 mokasaHo Ha mpukiani KITLI 3 mermarutiB Yxpainu. MMosipHO mpouec
pO31BiHHUKYBaHHS BiOYBA€TbCSl TUIBKM i BIUIMBOM BOAHOro guioiny. IIpornoHyeTbesl y3arajlpHeHa cxema €BO-
mouii ABiitHMKOBOI cTpyKTypu KITLL.
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Properties of Hydroxylapatite Coatings
for Biological Implants Deduced from
Complementary Instrumental Methods

Characteristics of coatings produced on the basis of hydroxylapatite, tricalcium phosphate and other minerals for
biological implants manufactured using titanium and its alloys have been studied. Mineral composition of the coatings
includes synthetic analogues of minerals of boiological origin that substantially influence the application effectiveness
of the implants. Influence of peculiarities of different manufacturing techniques, magnetron sputtering technique in
particular, on the characteristics of the coatings, has been analyzed. It has been shown that the behavior of biological
implants in living bone tissue is determined by physical and chemical characteristics of the coatings and by their
interaction with bone tissue and implant material. Use of complementary physical methods such as X-ray diffraction,
desorption mass spectrometry, infrared, electron paramagnetic resonance spectroscopy etc., for studies of the calcium
phosphate coatings is a necessary step for creation of physical models that describe the interaction mechanisms and
mass transfer processes in the system "bone tissue — coating — metal implant”. The possibilities of the aforementioned
complementary methods for determining of structure, chemical composition, impurity crystal phases and mechanical
characteristics of the coatings have been described. The properties of synthetic hydroxylapatite produced in the presen-
ce of titanium ions have been studied. It has been shown that substitution of calcium ions by titanium ions takes place
in the samples of hydroxylapatite.

1. Introduction

It is well known that the mineral component of bone tissue and other biominerals is represented
mainly by hydroxylapatite (HA). This is the cause why this material is an ideal candidate for
coating onto metal implants, which are used for the treatment of bone diseases. Coatings on
the base of hydroxylapatite have very high biocompatibility, no toxicity and serve for
assimilation of the implants by living bone tissue. The characteristics of the coatings depend
essentially from peculiarities of surface deposition technique. So it is very important to study
the correlation between surface deposition techniques and characteristics of the coatings.

Osteointegration of surgical implants starts with adhesion of cells. Different approaches
are used for preparing bioinert or bioactive surfaces, although the processes in the bone-
implant interface are still not fully understood. Also, the problem of interaction between
organic and inorganic parts of bone although having been investigated thoroughly for a long
time before, is still presenting a challenge in the field of complete and unambiguous
understanding of the underlying processes. Especially this is true, when these processes are
complicated by the influence of external factors, such as metallic artificial limbs and implants,
and metal ions released there from. Among the common used implant materials for orthopedic
and dental applications, those based on titanium are most interesting. Two kinds are mainly
used — commercially pure titanium and titanium alloys. Both are characterized as corrosion
resistant material with good biocompatibility. Titanium alloys have the best mechanical
properties. It is known that Ti is quickly oxidized into titanium oxide. Although this oxide
layer is thermodynamically stable, metal-containing species are still released through passive
dissolution mechanisms, and induce a local accumulation of titanium-containing species. In
the absence of wear on the implant, the increase of the concentration of titanium in tissue
can be observed when the implantation time increases. The behavior of coated implants in
bone tissue substantially depends on physical and chemical characteristics of coatings and
their interactions as with bone components and with implant material as well.

It is known, that apatite-coated implants are very rapidly incorporated in bone. However,
at the same time, clinical results with, for example, HA-coatings are not very optimistic
because of failure at the HA-Ti interfaces. Ideally, coatings should be biocompatible, displaying
no toxicity effect, providing a highly adhesive interface between bone tissue and the bone
implant and encouraging bone tissue ingrowth and preventing the release of metal ions from
implant material.
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Many apatite deposition techniques have been developed to obtain bioceramic coatings
with the desirable properties. A short description of today HA deposition techniques is given
below together with their analyses by modern complimentary instrumental tools, which have
been developed in different groups including the author’s group.

2. Surface deposition techniques for HA coatings

A lot of various different methods are being used for coating of orthopedic and dental
implants. Every method has advantages and disadvantages concerning the properties of the
deposited layers as well as the efforts in the deposition process and the deposition rate.
Below the most common coating techniques are described.

2.1. Plasma spraying. Plasma spray is a special variant of the thermal spray coating
technique. It is applied for the deposition of thick coatings (> 50 um) and is widely used for
the production of calcium phosphate coatings on implants. Basically this method works by
the introduction of powder into the hottest region of a plasma flame, where it is melted and
accelerated on a path to the substrate.

Advantages of the plasma spray coating method are the high deposition rate and the
uniform structure of the produced coatings. Plasma sprayed coatings provide excellent
properties concerning biocompatibility and bioactivity, but it has been found that implants,
which have been coated with hydroxylapatite, often suffer from mechanical failure in long-
term applications [32].

2.2. Biomimetic methods. Calcium phosphate coatings can be deposited by immersion
in a supersaturated calcification solution (SCS). As this method works with low temperatures,
the apatite formation occurs in a similar way as the natural process. The biomimetic method
allows the production of Ca-P coatings on complex-shaped implants and is expected to
show higher bone-bonding abilities than other methods. As the bioactivity of titanium surfaces
is not high sufficiently to induce Ca-P deposition from SCS, pretreatments of the surfaces,
e.g. nucleation promotion by adding certain glasses to the immersion SCS or production of
a bioactive titanium dioxide surface layer, are needed. Composition, pH-value, temperature,
and other parameters of SCS can be adjusted to control composition and crystallinity of the
deposited layers [34].

2.3. Electrophoresis. Electrophoresis is a method, which offers a lot of advantages in the
deposition of complex compounds on various substrates. Electrodeposition in general allows
good control of deposition rate, uniformity of films, and film thickness. But in comparison
to electrolytic deposition, where ions are used, the electrophoretic method deposits the
coating material from a suspension. This means that the stoichiometry in the deposited layer
is the same as in the used powder and can thus be more easily controlled than in electrolytic
deposition. As ceramic particles are neutral, they must be charged to move in the electric
field. The charge can be delivered by absorption of inorganic ions on the colloidal particles
in the suspension. The deposition rate depends on the electric field and the concentration of
electrolytes, which are added to increase uniformity and adhesion of the deposited layers.
Additional stirring can reduce the particle size to submicrometer scale. As the mechanical
bonding of electrophoretically deposited films to the substrate is not very good, the process
of electrophoresis is often followed by sintering. Electrophoretic deposition is a very appropriate
method for the formation of thick and uniform coatings, and it also works with rough
surfaces, which are often used in implant surgery [8—10, 37].

2.4. Ion sputtering and high temperature compression and sintering. Sputtering is, in
comparison to plasma spray, a softer method, because the temperatures in the system are
much lower. The deposition of sputtered hydroxylapatite can occur in various ways, including
ion beam sputtering and magnetron sputtering. In the first case, an ion gun fires an ion beam
onto a target, which is thereby sputtered. Using a suitable geometry of ion gun, target, and
substrate holder, the ion beam can be aimed onto the substrate, thus avoiding extensive loss
of sputter material. If more targets are used simultaneously, it is possible to build coatings
from materials, which normally would not combine. Another practical advantage of ion
beam sputtering is the possibility to pre-treat (e.g. removal of disturbing particles from the
substrate) the surface prior to deposition without losing the vacuum.

Magnetron sputtering works without an ion gun. The target is placed on strong permanent
magnets and is also used as the cathode of a high electric field (~ 1 kV), with direct current
in the case of conductive sputter materials and alternating current (~ some kHz) in the case
of dielectrics (Fig. 1). The electromagnetic fields induce the formation of a plasma in the
chamber gas. Ions are accelerated to the cathode and sputter particles, which then are
deposited on the substrate. A disadvantage of this method is the unaimed deposition of the
particles, which results in a comparatively low deposition rate. Magnetron sputtering also
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involves the possibility of reactive sputtering, i.e. formation of composite coatings by a
chemical reaction of the sputtered target with the reactive gas. For example a coating of
aluminum oxide can be produced by using an aluminum sputter target in oxygen atmosphere.
Further modification of the deposited films can be done by ion bombardment to obtain
more homogenous coatings.

2.5. Dipping. While methods as plasma spray or sputtering involve very high temperatures,
the dipping method is carried out at room temperature. Hydroxylapatite may be precipitated
from calcium hydroxide and phosphoric acid solutions to obtain very fine powders, and the
coating of the titanium surfaces occurs in HA solutions with certain concentrations. It was
found that the thickness of coatings increases with concentration of the HA solution as well
as with the number of dippings [21]. Mechanical pre-treatment of the titanium surface by
sandblasting may improve quality of the coating. Also the deposited coating can be sintered
after dipping.

Further experiments have been carried out with a combination of titania (TiO) and
hydroxylapatite in order to improve the bone-bonding abilities of the coated implants. In
this case fine hydroxylapatite powder is added to a titanium solution. The result is a coating
on the titanium surface, which consists of hydroxylapatite embedded in a titanium matrix.
As this coating induces hydroxylapatite precipitation from a synthetic body fluid, the bioactivity
of the material is increased [19].

2.6. Others. Dense HA coatings with thickness about 0.2 to 1.2 um can also be deposited
by laser deposition, where the target is placed only a few centimeters from the substrate.
This method is described in [2]. Also a blast coating method can be used [13] to produce
scratch resistant HA films, the method having the advantage of not involving heat treatment
and being very easy to handle by a conventional sandblaster.

Other possibilities of HA coatings on metal implant surfaces can be provided by
modification or combination of the methods described above. For example graded coatings
can be produced by plasma spray, in order to obtain a multi-layer system with decreasing
content of titanium from the substrate to the surface of the coating [26, 36]. Also ion beam
sputtering may be combined with ion implantation during the deposition process, in order to
change the stoichiometrical composition of the coating gradually.

Another possibility is the insertion of an interface layer (aluminum oxide or zirconium
oxide) between implant and HA coating, in order to avoid the dissolution of metal ions into
the surrounding tissue, which may disturb the process of bone ingrowth. This may provide
the deposition of only a thin HA layer, which can be completely resorbed during the early
ingrowth process, while the task of ion blocking is carried out by the interface. Using this
method a good and durable bonding between bone and implant could be obtained in an
early osteointegration phase.

3. Complementary Instrumental Techniques for studies HA coatings

3.1. XRD. X-Ray Diffraction (XRD) is one of the most sensitive methods for crystal structure
analysis. It allows destruction free determination of several crystal parameters (mainly
qualitative but also quantitative) of polycrystalline samples, like determination of lattice
constants, crystallite size, lattice strains, preferred orientation and texture, stress measurement
and more. In connection with the diffraction pattern database JCPDS (Joint Committee of
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Powder Diffraction Standards) XRD is also a fast and precise method to identify unknown
polycrystalline matter.

Dealing with absolute intensities is very complicated and complex, because many physical
factors like polarization factor, Lorentz factor, temperature factor, atomic scattering factor,
structure factor, multiplicity factor and absorption factor have to be calculated or measured
[16]. While the absolute intensity is also a function of diffracting volume (size of the sample)
and X-ray intensity (instrumental parameters), the relative intensities depend mainly on the
physical characteristics of the sample. It is standard to scale all diffraction peaks in a
diffractogram relative to the highest peak, which would be obtained in polycrystalline and
random distributed powder of such material. A material is called textured, if the measured
distribution of crystallites differs from that of a random orientated powder. To learn more
about analysis of texture see [12].

It is also possible to carry out quantitative analysis of a powder sample. Because a set of
standards (which has to be measured with the same setup) is needed and only crystalline and
textureless phases and not amorphous one can be analyzed, other X-ray methods like XRF
(X-Ray Fluorescence Analysis) are much more precise (and faster).

More common is the quantitative phase-analysis and the analysis of phase-transitions.
For the observation of phase-transitions a local sensitive detector is needed to measure the
interesting angular area simultaneously (works only, if the time of phase-transition is slow in
comparison to the readout-time of the detector). The quantitative phase-analysis bases upon
measurement of peak areas or peak heights, those are both referred to as intensities. Another
strategy for quantification is the Rietveld method, which uses the total pattern of the
diffractogram Both methods of quantitative phase-analysis need a lot of work for preparation,
measurement and calculating [15, 16].

To obtain information about crystallite sizes, the Scherrer Method [15] can be used. It
takes the effect of line broadening of X-ray peaks caused by size effect of interfering crystallites.
The relation between the FWHM (Full Width at Half Maximum) is:

K-\-573

Dcos(0,,,) ’

with formfactor K, average crystallite size D (perpendicular to the reflecting lattice plane
(hkl)), X-ray wavelength A and diffraction angular ® in degree. Because the shape of an X-
ray peak is a function of spectral broadening, geometrical broadening and broadening due to
small size of crystallites (respectively microstrain) one has to correct or eliminate the
contribution of the first two parameters. This can be done by comparisons with standards or
by profile fitting with Rietveld refinement [5, 15, 16].

3.2. Mass Spectrometry. The most precise way of measuring molecular masses ("weighing
of molecules") is mass spectrometry (MS) — an analytical technique in which molecules
after ionization and separation in space or time in according with their mass-to-charge
(m/z) ratios are subjects for measurements by a special detector. Introduction of particle-
induced desorption methods into mass spectrometry has given a strong impact for investigation
of nonvolatile and thermally unstable biomaterials. Below some examples of applying the
desorption mass spectrometric techniques in biomaterial’s investigations are given.

3.2.1. ToF-PDMS. 252-Cf plasma desorption with time-of-flight mass spectrometry
(ToF-PDMS) was developed [27] to analyze high mass molecules and their complexes, and
complexes between biomolecules (basic biological model molecules like amino acids,
nucleosides, simple carbohydrates) and various biological active substances like steroid
glycosides [24] and antracycline antibiotics and many other medicinal preparations [28].

ToF-PDMS technique was applied (in combination with XRD) for the identification
and determination of the incorporation of metal ions into HA material produced in model
chemical reactions. The mentioned metal ions can be released from materials which are
most frequently used for orthopedic, dental implants and hip prostheses and belong to the
families of titanium, cobalt, chromium and nickel-based alloys.

In the ToF-PDMS spectra from standard HA in water solution typical calcium phosphate
ions were observed, m/z: CaPO3 — 103; Ca,PO; — 159; Ca,PO; — 175. But in the
case of HA, synthesized in the presence of titanium ions, some new very interesting ions
have been appeared including Ti ions, m/z: TiPO§ — 127; TiPO; — 143; (TiPO, +
+H,0)* — 161. On the basis of these ToF-PDMS data it was suggested that Ca has been
substituted by Ti in the HA lattice without changes of the crystal HA structure.

3.2.2. SIMS. Secondary electrons mass spectrometry (SIMS) technique [31] uses a
primary beam of ions accelerated to a few keV for bombarding the investigated sample. That

FWHM =
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PO3 /PO, secondary ion rations from different Ca-P samples

Phase PO3 /PO,
B-Tricalcium phosphate 0.701 (0.009)
Hydroxylapatite 0.84 (0.03)
a-Tricalcium phosphate 0.85 (0.02)
Octacalcium phosphate 1.08 (0.003)
Amorphous calcium phosphate 1.38 (0.05)
Brushite 2.6 (0.1

results to the process known as "sputtering”. Sputtered particles can be electrons, atoms,
molecules, their fragments in neutral or charged (positive or negative) states. Charged particles
are separated according to their m/z ratios by different analyzer systems (magnetic, quadruple
or time-of-light). In the case of high primary ion dose the mode of operation is termed
"dynamic SIMS" (for depth analysis), but if the ion dose is much lower (< 1013 ion s71 in
total) we are dealing with "static SIMS" with minimal damage of the surface (for surface
analysis).

SIMS has been used in studies of inorganic biological material like dental hard tissue
for more than 20 years. The main point of early investigations was to study the distribution
of elements (K, Mg, Sr, F, Cl) in human deciduous enamel [23]. Later this technique was
used for combined microanalytical and microstructural characterization of biotissues, whereby
the standard SIMS technique has some limitation connected with its inability to fully
distinguish between different calcium phosphate phases.

In a recent work [6], reproducible mass spectra were obtained for different calcium
phosphate standard powders using time-of-flight Cluster SIMS method. It was found that
the obtained data were allowing calcium phosphate phase identification even in the case of
covering metal oxide surfaces with microscopic amounts (~15 mmol cm™2) when X-ray
diffraction was not able to detect any signal from analyzed substances. Phase studies were
performed for the following row of calcium phosphate powders: a-tricalcium phosphate [o.-
Ca;(PO,),], B-tricalcium phosphate [B-Ca;(PO,),], amorphous calcium phosphate
[Ca,(PO,) - xH,0], brushite (CaHPO, : 2H,0), and hydroxylapatite [Ca,,(PO,)s,(OH),].

Taking into account some literature data as for using polyatomic primary ions to increase
SI yield (Chusuei et al. [6]) all own measurements have produced using (CsI)Cs-projectiles,
generated from a 252-Cf radioactive source, as a primary beam, bombarding calcium phosphate
samples.

It was found during special measurements, that (CsI)Cs-projectiles proved to be the
optimum projectile on the basis of the analysis of SI mass spectra from calcium phosphate
sample prepared from the solution containing CaH,(PO,), - xH,O, using Cs, (CsI)Cs and
Cgo primary ions. In the case of monoatomic projectiles in standard SIMS technique, there
is no chance to distinguish between two calcium phosphate phases, e.g., beta-TCP from
HA, due to significant erosion of the bombarded sample surfaces.

The differentiation between calcium phosphate phases in the CSIMS approach, with
(CsI)Cs projectiles, were performed using the PO 5 /PO ; ratios taken from the corresponding
SI intensities which were normalized to the number of incident primary ions, controlled by
secondary electrons emitted from the sample surface (Table).

Leadley et al. [20] have studied the process of HA dissolution in the presence of Ti ions
using ToF-SIMS in combination with XPS technique. In general, the dissolution of HA-
coating depends on a few parameters such as crystallinity, composition and metal ions
substituted into the HA lattice. So, there is an increased interest in possible substitution of
Ca ions in the apatite structure by Ti and other ions released from implant materials. It was
shown [20] from comparison of relative intensities of SIMS ions, that the maximum uptake
of Ti take place at 500 ppm due, as it was suggested in [20], to direct cation exchange, or
dissolution followed by precipitation of a titanium phosphate compound.

3.2.3. MALDI-MS. In the normal Matrix-assisted laser desorption ionization (MALDI-
MS) experiments [17] an analyte is mixed with a solution of ultraviolet absorbing "matrix"
molecules. A droplet of the mixture is irradiated by a laser pulse, resulting in rapid evaporation
and volatilization of the analyte molecules with little or no fragmentation. During this
process, photoactivated reaction with matrix molecules results in ionization of the analyte
molecules and their complexes. Advantages of this MS technique include high mass resolution
and very low detection limits.

In the surface MALDI-MS measurements [11] the matrix solution is applied directly
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Fig. 2. Simplified scheme of the crystal
structure of hydroxylapatite. The positions Ca
(I) and Ca (II) correspond to coordination
complexes CaO, and CaO4(OH)
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Fig. 3. EPR spectrum of Mn2" ions in hydroxylapatite. The six lines Mn (I) and Mn (II) correspond to Mn2* ions,
which are localized in positions Ca (I) and Ca (II) respectively. The six narrow lines correspond to standard sample
(MgO : Mn2*). B — magnetic field induction

to the surface where the analyte molecules are immobilized, so they are dissolved from the
surface and became included in the matrix crystal. This approach is suited to the analysis of
protein film compositions. The high sensitivity of the technique is ideal for the study of sub-
monolayer coverages, which can be realized at the HA-coating-metal surface implant interface.
The surface MALDI-MS technique has already been used to analyze biofilms on contact
lenses [18] and is likely to become increasingly important in the future.

3.3. FTIR-Spectroscopy. The Fourier Transform Infrared (FTIR) Spectroscopy is a
powerful technique for identifying types of chemical bonds in chemicals that are organic or
inorganic by producing an infrared spectrum. In the last decade FTIR technique become
very popular for bioceramic investigations. Thus, Stoch et al. [29] had investigated the
growth of carbonate containing apatite coverages from simulated and natural body fluids
using FTIR approach. It was shown that the poorly crystallized carbonated apatite can be
detected by measuring infrared spectra. Slosarczyk et al. [30] using FTIR in combination
with QXRD technique have realized that small variations in the Ca/P ratios of initial
precipitations may significantly affect the phase composition of final calcium phosphate
material.

In the case of HA, a FTIR spectrum includes [35] the characteristic phosphate peaks at
wavenumbers of 1090, 1052, 963, 602 and 572 cm~!, OH peaks at wavenumbers of 3571 and
631 cm™! and two bands between 1400 and 1500 cm~! which are probably from carbonate,
which is commonly found in both synthetic HA and natural bone. It was shown [35], that
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after a HA sample was sintered at 1200 °C OH were still present, all phosphate peaks were
the same, but two carbonate bands lost intensity. Also, after laser ablation, none of the FTIR
spectra revealed any significant change. FTIR spectra from HA coatings collected using
grazing-angle technique showed differences in the phosphate band compared with FTIR
spectra collected with diffuse-reflecting approach from starting material [35]: peak of 963
was shifted to 961, peaks of 1090, 1052 were lost, and some new peaks were observed, the
positions of which were varied with targets and wavelengths. These changes can be caused by
possible presence of some minor phases inside top surface layer of HA coatings. But the
possibility of the presence of some minor phases in the bulk coating the authors of [35] still
are not excluding. These minor crystalline phases can probably contribute to the dissolution
process at the early stage of implantation, which is a very desirable event.

3.4. EPR and PMR techniques. Electron paramagnetic resonance (EPR) and proton
magnetic resonance (PMR) are well known methods of radio frequency spectroscopy [33].
By EPR method it is possible to study the paramagnetic defects and impurity ions in all
structural positions of hydroxylapatite crystal lattice. The paramagnetic centers can be localized
in two positions of calcium ions, in position of hydroxyl groups, phosphorus and oxygen ions
(Fig. 2). For example the ions Mn2", which are localized in positions Ca (I) and Ca (II) can
be studied separately by EPR method (Fig. 3).

Due to high sensitivity of EPR this method can be used for study of impurity crystal
phases in bone tissue [4] and in material of coatings. The quantity of impurity crystal phases
in studied samples can be determined in the range 0.1—1 % [4]. The approach for study of
impurity crystal phases is grounded on the fact that EPR spectra of paramagnetic ions
depend essentially from symmetry of crystal lattice where the ions are localized (Fig. 3). The
EPR study of impurity crystal phases of carbonates and oxides in bone tissue and synthetic
hydroxylapatite by Mn2* and Cr3* ions is described in [4], and investigations of impurity
crystal phase of tricalcium phosphate by phosphate paramagnetic centers in reference [3].
The EPR and PMR methods are very promising for study of the biologyzation processes of
mineral matter implanted into living bone tissue. In particular by these methods the penetration
of proteins into mineral matter and interaction mechanisms of mineral and organic matter
in bone tissue can be studied.

4. Structure and properties of HA-coatings

4.1. Macrostructure and microstructure. The structure of HA-coatings depends strongly on
the method used for deposition. Plasma spray deposits small molten drops of the sprayed
material on the substrate, while ion beam sputtering composites layers on a molecular level.
As a result the microstructure of a coating produced by sputtering is usually more uniform
than a plasma sprayed one. Also electrophoretically deposited films have a very uniform
microstructure. But the sintering process necessary for better mechanical bonding to the
substrate induces changes in the crystallographic structure of the coating near the substrate
[8, 9]. Biomimetic deposition produces very uniform and reproducible coatings, while the
crystallinity and the density depend on the composition of the immersion solution as well as
on the temperature. HA coatings obtained by laser deposition consist of smooth apatite with
wide variety of macroparticles scattered on the surface [1].

4.2. Chemical purity and composition, impurity phases. Calcium phosphate precipitation
appear in many different stoichiometric compositions, as there are a-tricalcium phosphate
[a-Cas(PO,),], B-tricalcium phosphate [B-Ca;(PO,),], amorphous calcium phosphate
[Ca;(PO,), - xH,0], octacalcium phosphate [CagH,(PO,), - H,O], brushite [CaHPO, - 2H,0],
and hydroxylapatite [Ca;,(PO,)s(OH),]. If Ca-P is precipitated from solutions of calcium
salts (chlorides, nitrates, hydroxides) and phosphates, the partition of the different phases
depends on sensitive parameters as reaction time, chemical composition and saturation of
the reaction solutions, and pH-value.

Hydroxylapatite coatings which are deposited by high temperature methods as plasma
spray also contain phase impurities as has been shown by ToF SIMS examinations of thick
HA coatings. While the stoichiometry at the surface is characteristic for HA the content of
O and OH is decreasing with rising vicinity to the interface between substrate and coating,
indicating that the coating near the interface merely consists of tricalcium phosphate than of
pure hydroxylapatite [32].

Differences in the chemical composition influence the behavior of the coating in contact
with surrounding bone tissue. As solubility is higher for tricalcium phosphate than for
hydroxylapatite, a coating with a higher content of TCP will much more easily be resorbed
and replaced by natural bone tissue.

Chemical gradients are also observed in electrophoretically deposited coatings, if the
process of deposition is followed by sintering. The high temperature treatment induces the
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formation of an interface layer between coating and substrate, which mainly consists of Ti and
P phases [9]. The structure of the HA coating itself is changed to a mixture of phases including
oxyhydroxylapatite, tetracalcium phosphate and a- and B-tricalcium phosphate, the composition
depending on the composition of the material used for deposition. In vitro dissolution is
increased by such phase transitions, an effect which my also occur in vivo [10]. HA coatings
deposited by ion beam sputtering were found to be OH deficient and incorporated carbonate
[14], and the bindings are different from HA standards, which might require further surface
treatment after deposition by electron irradiation or ion bombardment. The composition of the
sputter deposited coating also depends on the chemical properties of the substrate.

4.3. Mechanical properties (bone bonding strength). In the mechanical behavior of a ceramic
coating there are two critical points, namely the bonding between coating and bone tissue and
the interface between coating and implant. It is clear that the surface of a coating must be
mechanically and chemically stable to avoid the loss of the coating at an early stage of
osteointegration. A good bonding to the bone is provided by the formation of biological apatite
at the interface between the coating surface and the surrounding bone tissue.

Plasma sprayed hydroxylapatite coatings show a good osteointegrative behavior, because
the bioactive properties of the material support the adhesion of osteoblasts on the surface,
resulting in bi-directional growth of new bone [22]. If in addition the surface of the coating is
porous, new bone tissue can grow into the pores and thus provide an optimal connection
between bone and implant.

Mechanical tests of the bone bonding strength of calcium phosphate coatings revealed
that shear stress and shear stiffness are 10-fold higher for HA-coated implants in comparison
with TCP-coated ones. In some cases the bonding between bone and HA coating was so strong
that failure during the push-out tests occurred not in the bone/coating interface but in the bone
trabeculae close to the implant [22]. This shows the importance of phase purity in HA coatings.
Even if a HA-coated implant shows optimal bone ingrowth, it may suffer failure at the interface
between coating and implant, where the ceramic may have a different stoichiometrical
composition as compared with its surface. According to the chemical gradient in plasma-
sprayed HA coatings as described above, this may explain the problems with plasma sprayed
implants in long-term application. But even HA coatings with high phase purity may loosen
because of the different thermal expansion effects of HA and titanium. During the plasma
spray deposition this may lead to the formation of fracture paths in the coating/implant interface.
These effects can be reduced by graded coatings, resulting in a softer transition from the
metallic to the ceramic phase and thus in better bone bonding strength [36].

Regarding other deposition methods as dipping and biomimetic deposition, mechanical
properties depend on the certain modes of coating production, especially on the temperatures
involved in an eventual sintering process. The bone bonding strength of biomimetically deposited
coatings may be good as a result of high phase purity, but the adhesion of the coating to the
substrate may require the use of microporous implant materials.

4.4. Cell studies. Cell reaction to implant surfaces is a very important feature in implant
technology, because high cell toxicity of the implant materials results in bad osteointegration
and finally loosening of the prosthesis. Modern cell culture systems provide the possibility to
investigate various influences of implant materials on the biological system. Cell culture studies
may either concentrate on the influence of the surface roughness of the implant material or on
the influence of the material itself.

In the case of surface roughness the dependant parameters of the cell culture system are
cell adhesion, proliferation, differentiation and detachment strength. Experiments with a rotating
disc device have shown that higher surface roughness of hydroxylapatite increases cell adhesion,
proliferation and detachment strength [7]. Another approach to investigate the detachment
strength of cells on HA coatings could be offered by the application of an atomic force microscope.

A wide spectrum of cell parameters is investigated in cell culture concerning the
biocompatiblity and bioactivity of certain implant materials. While biocompatibility is merely
defined by low cell toxicity, bioactivity means that the differentiation of bone marrow cells into
bone-building osteoblasts is supported. Cell toxicity can be determined by seeding cells on the
material surface and counting of dead cells in several time intervals. For bioactivity experiments
various properties of the cell culture system as for example alkaline phosphatase activity and
calcium content are measured, thus determining the ability of cells to produce mineralized
tissue. Recent cell culture studies showed that ceramic materials as glass ceramics and
hydroxylapatite have higher biocompatibility as well as higher bioactivity than metals, which is
an in-vitro experimental support of in vivo studies with ceramic implants corresponding ceramic
coatings [26].
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5. Conclusions

On the base of above-mentioned results it is possible to make conclusions that the problem of
creation of biologically active coatings for metal implants is now at the stage of intensive
researches in many laboratories of the world. Thus various methods for deposition of coverings
on the substrate are used, that allows creating coverings with essentially different properties.
The structure, physical and chemical properties of the coverings in many respects determine
the duration of successful clinical applications of the implants.

The study of the covering properties can be performed most effectivelly by using modern
complementary methods, based on X-ray diffraction, desorption mass spectrometry (SIMS,
FAB, MALDI, ToF-PDMS), FTIR, EPR and PMR spectroscopy. For example, ToF-PDMS
techniques in combination with XRD allow developing the new approach for express analysis
of composition and structure of hydroxylapatite of an inorganic portion of bone tissue with
inclusion of titanium ions and other elements. With the help of electron paramagnetic and
proton magnetic resonance it is possible to study the interaction processes of the coverings and
bone tissue, to determine the properties of nano-scale subsystems (including impurity crystal
phases) and impurity ions, located in various positions of crystal structure of hydroxylapatite.

The careful comparative analysis of micro- and macrostructural characteristics of the
coverings, their chemical cleanliness, composition, presence of impurity phases, mechanical
properties and data about reactions of model cell cultures on the implants, including ceramic
materials, glass ceramics and hydroxylapatite is performed. The obtained results and described
techniques allow effectively supervising properties of coverings and promoting more successful
application of the implants at treatment of bone diseases.
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PE3IOME. VI3yueHbl XapaKTepUCTUKH MOKPBITHIA (MPOM3BEJCHHBIX HA OCHOBE IMAPOKCUIIANATUTA, TPUKaIbLMii(oc-
dara 1 Apyrux MUHEPAIOB), KOTOPblE HAHOCAT Ha OMOJIOTMYECKUE MMIUIAHTAThl, U3rOTOBJIEHHbIE U3 TUTAHA U €ro
CIUIaBOB. MMHEpaIbHBII COCTAaB MOKPLITUIA BKJIIOYAET B Ce0SI CUHTETUYECKUE aHAJIOTM MUHEPAIOB OMOr€HHOro Mpo-
UCXOXIEHMSI, KOTOPbIE CYLLIECTBEHHO BIMSIIOT Ha 3P (dEeKTUBHOCTb MCMONb30BaHUST UMILIaHTaTOB. [IpoaHanu3upoBa-
HO BJIMSIHUE OCOOEHHOCTEI TEXHOJIOTMI CO31aHusl MOKPBITUIA, B TOM YUCIIE TEXHOJIOTMU Ha OCHOBE MAarHETPOHHOTO
pacnbUIEHUS] Ha COCTaB M XapaKTEePUCTUKU MOJy4aeMbIX MOKPbITHiA. [Toka3zaHo, 4To moBeneHUe OMOJOrMYECKUX UM -
TUIAHTAaTOB B >KMBOW KOCTHOM TKaHW omnpezessiercss GU3n4ecKUMU U XMMUYECKUMU XapaKTepUCTUKAMU TIOKPBITU, a
TaKXe B3aMMOJEHCTBUEM 3TUX MOKPBITUI ¢ TKaHbIO KOCTU M MaTepUaoM MMIUIaHTara. Mcnoab3oBaHue B3aMMOI0-
MOJTHSTIOLLMX (DU3UYECKHMX METO0B (PEHTIeHOBCKas AMGbPaKLKsI, 1eCOPOLIMOHHAsI MAcC-CIIEKTPOMETpHUsl, MH(paKpacHast
CIIEKTPOCKOMNMUSI, 3JIEKTPOHHBII MapaMarHUTHBII Pe30HAaHC U APYTruMe METONbl) Il M3ydeHUs KaibluiihocdaTHbIX
MOKPBITUIA HEOOXOAMMO IIsI TOCTPOEHUsT PU3NUECKUX MOJIENIEii, OMMUChIBAOLIMX MEXaHU3Mbl B3AaUMOAEHCTBUS U TIPO-
LIeCChbl MaccorepeHoca B CUCTeMe "KOCTHasl TKaHb — MOKPBITHE — METATMYeCKUil MMIUIaHTaT". OnucaHbl BO3MOX-
HOCTM TEPEYMCIEHHbIX BbIllIE KOMIUIMMEHTAPHBIX METOMOB JJIsl ONpPEAEJEHUs] CTPYKTYPbl, XMMUUYECKOIO COCTaBa,
MPUMECHBIX KPUCTALIMYECKUX (Da3 U MeXaHUMYECKMX XapaKTepUCTUK MOKPBITHI. KcciaenoBaHbl CBOMCTBAa TMApPO-
KCHUJIaraTuTa, CUHTE3MPOBAHHOIO B MPUCYTCTBUM MOHOB TUTaHA. [lokazaHO, YTO B TAKOM TMAPOKCHUJIANATUTE UMEET
MeCTO M30MOp(HOE 3aMeLIeHNe UOHOB KalbLIMSI HA MOHBI TUTAHA.

PE3IOME. BuBYeHO XapaKTepUCTHKM MOKPUTTIB (BUPOOJIEHUX Ha OCHOBI TiIpOKCHIaNaTuTy, Tpukaibliidocdary ta
IHLIMX MiHEpasiB), 11I0 HAHOCITh Ha OiOJMIOTiYHI iMIJIAHTaTH, BUTOTOBJIEHI 3 TUTaHa i fioro crijiasiB. 1o MiHepaabHOro
CKJIaJly TOKPUTTIB HajleXaThb CUHTETUYHI aHAJOrM MiHepaJliB GiOreHHOro MOXOMXKEHHsI, 1110 iCTOTHO BIUIMBAIOTh Ha
edeKTUBHICTb BUKOPUCTaHHS iMILIaHTaTiB. [IpoaHani3oBaHO BIUIMB OCOOIMBOCTEN TEXHOIOTI i CTBOPEHHSI TOKPUTTIB,
y TOMY YMCJi TEXHOJIOTI Ha OCHOBI MarHeTPOHHOIO PO3MWJIEHHS Ha CKJIAL i XapaKTepUCTUKW OAEPXKYBaHMUX IO-
kpuTTiB. [ToKa3aHo, 1110 MOBOIXEHHS Gi0JOriYHMX iIMILIAHTATiB Y XXMBIi KiCTKOBiif TKAHMHI BU3HAYa€TbCsl PizMUHU-
MU i XIMIYHUMM XapaKTEepUCTUKAMM MOKPUTTIB, a TAKOX B3aEMOMI€I0 LIUX MOKPUTTIB i3 TKAHWMHOIO KiCTKM i Ma-
TepiajJoM iMIUIaHTaTy. BuUKOpHMCTaHHS B3a€MONOMOBHIOWYMX (Di3MYHMX METOHIB (pEeHTreHiBcbka nudpaxiis, ne-
copOLiifHa Mac-CreKTpOMeTpis, iHpauepBoHa CIEKTPOCKOIMisl, €JEeKTPOHHUII NMapaMarHiTHUI pe30HaHC i iHwi Me-
TOIMW) AJIs1 BUBYEHHS KalbliiiochaTHUX MOKPUTTIB HEOOXiAHO 1Is MoOynoBU (Gi3MYHMX MOAENEi, 1O OMUCYIOTh
MeXaHi3MM B3a€MO/Iii i MPOLIeCH MacoIepeHOCY B CUCTeMi "KiCTKOBa TKAHMHA — MOKPUTTSI — MeTaJleBUil iMILJIaHTaT".
OnucaHoO MOXJIMBOCTI TMepepaxoBaHMX BMIIE KOMIUIEMEHTApHUX METOAIB Ul BU3HAYEHHSI CTPYKTYPH, XiMi4HOTO
CKJIaNy, IOMIlLIKOBUX KpUCTAIIYHUX (a3 i MEXaHIYHMX XapaKTepUCTUK MOKPUTTIB. JloCiIXKyBaHO BIaCTUBOCTI TipOK-
CUJIANaTUTY, CUHTE30BaHOIO y MPUCYTHOCTI iOHiB TUTaHa. [TokazaHo, 110 B TaKOMY TiIpOKCWJIANaTUTi Mae micue
i3oMopdHe 3aMillleHHs iOHiB Ka/lbllil0 HA iOHU TUTaHa.
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The first find of sperrylite polyhedrons and
unusual dendrites of native copper in Ukraine

Sperrylite polyhedrons as well as unusual dendrites of native copper from Ukraine are described for the first time. They
have been found in altered peridotites of the Berdychiv block of the Ukrainian Shield. Sperrylite (25 crystals) and a lot
of native copper dendrites have been studied using SEM and microprobe analyses. The sperrylite crystals are very small
in size (0.10—0.50 mm) and different in morphology (rounded grains, polyhedrons). They are characterized by nearly
stoichiometric composition containing small amounts of Ir, Rh, Ru, Ag, Pb, S and traces of Sb, Ni, Bi, Au, Cu, Sn
only. The dendrites of native copper consist of cubic polyhedrons with small faces of octahedron. Two ways of dendrite
growth are described. Native copper is very pure (up to 99.9 % of Cu). It contains only minor impurities of Fe (up to
0.1 %) and traces of Ag, Pt, Ni. The dendrites of native copper often form intergrowths with hematite. The obtained
results are discussed in comparison with published data.

Crystals of sperrylite have been determined in heavy fraction from peridotite crust of weathering
of the Zhdaniv intrusion (borehole #1480) in the south-western part of the Berdychiv block
of the Ukrainian Shield. A mineral similar to sperrylite has been already registered in some
ore regions of the Ukrainian Shield but it has not been studied perfectly. So, according to
data of [8] sperrylite is perhaps a mineral of platinum ore concentration in Ar-Pt mafite-

Fig. 1. Sperrylite octahedrons of Zhdaniv intrusion (SEM)
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Fig. 2. Sperrylite crystals with rounded grains (a) and complex form (b) of Zhdaniv intrusion (SEM)

ultramafite rocks of Pobuzhzhya, Savran’ and Tashlyk areas. However, it was published
incomplete chemical composition of this mineral. It contains 41.3—41.8 % of Pt, 2.5—2.6 —
of Rh and 0.7—0.8 — of Ni (microprobe analysis). Microinclusion up to 2 mcm in size in
gersdorffite from two pyroxene rocks of Kapitanivka chromite deposit with more than 20 %
of Pt and more than 5 — of As has been also [4] attributed to sperrylite. The entire chemical
composition of sperrylite grain from chromite ores of this deposit: 49.73 % of Pt, 2.92 — of
Rh, 2.38 — of Ir, 1.59 — of Pd, 0.34 — of Os, 0.15 — of Ru, 1.32 — of S and 43.44 % of As
was presented in the paper [6].

Ultrabasites of the Zhdaniv intrusion are represented by chromspinel-bearing entirely
olivine and flogopite-amphibole peridotites [2]. The intrusive body 100 x 100 m in size is
located in the zone of intersection of two deep faults — Khmil’nyk-Bilokorovychi fault with
northern trend and Khmil’nyk fault with north-western trend. Peridotites consist of magnesian
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Fig. 3. Native gold inclusion in sperrylite of Zhdaniv intrusion (SEM)

Fig. 4. Dendrites of native copper of Zhdaniv intrusion
(SEM)

olivine (from 20 to 70 %), bronsite, flogopite (up to 20 %), hornblende (from 15 to 20 %)
and chromspinels. The intrusion has a zonal structure: there are olivine peridotites in the
central zone and flogopite-amphibole peridotites in the marginal zone. These zones are
distinguished by different mineral composition as well as by chemical composition for some
elements. The flogopite-amphibole peridotites have increased contents of Pt, Pd (both up to
0.1 g/t). The increased contents of native copper (up to 1.3 kg/t), Au (up to 0.7 g/t) and Ag
(up to 1.4 g/t) are connected with hydrothermal alterations of the peridotites (silicification,
carbonatization and sulphidization).

A heavy fraction from the alteration zone of the peridotites (some part of drill core of
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Fig. 5. Pyrite octahedrons and their intergrowths of

(15178 Zhdaniv intrusion (SEM)

#1480 hole) consists of native copper dendrites (up to 95 %) and pyrite crystals (up to 5 %).
Other minerals of the fraction (zircon, rutile, garnet, marcasite, chalcocite, native silver) are
represented by separate grains. This fraction (11 mg) had 20 very small crystals of sperrylite
and 5 their fragments. The average size of sperrylite crystals does not exceed 0.10—0.25 mm,
but rarely it reaches 0.5 mm. Most of sperrylite crystals are characterized by good crystalline
form: octahedrons (Fig. 1), polyhedrons with complex form (Fig. 2, b). Rarely sperrylites

Chemical composition of sperrylite and native copper of Zhdaniv intrusion (average electron
microprobe analyses), %

Samples
Elements T 5 I 3 | 7
Pt 56.37 55.89 55.81 0.01
Ir 0.26 0.66 0.19 —
Os Un determ. Un determ. Un determ. —
Pd " " " " " " Un determ.
Rh 0.16 0.23 0.29 —
Ru 0.07 0.11 0.11 —
Au 0.01 Un determ. Un determ. Un determ.
Ag 0.47 0.13 0.28 0.01
Cu Un determ. Un determ. 0.01 99.97
Pb 0.08 0.14 017 Un determ.
Fe Un determ. Un determ. Un determ. 0.09
Co " " " " " " Un determ.
Ni 0.03 0.01 0.05 0.01
Sb 0.03 0.06 0.06 Un determ.
Sn Un determ. 0.01 Un determ. " "
Bi " " 0.06 " "
Te " " Un determ. " " —
S 0.02 0.14 0.03 Un determ.
As 42.24 42.50 42.82 —
Total 99.74 99.93 99.82 100.09

N ote: I — octahedron of sperrylite; 2, 3 — sperrylite crystals of complex form; 4 — intergrowths of native copper with

hematite. Un determ. — un determined.
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are represented by imperfect crystals and rounded grains (Fig. 2, a). It is know [1, 3, 5,
7] that sperrylite crystals are often very small (up to 1—2 mm, rarely up to 2 cm) fine-
shaped polyhedrons with octahedron, cubic and combinative {111} + {100} habit.

Sperrylite crystals of the Zhdaniv intrusion are characterized by nearly stoichiometric
chemical composition that corresponds to 56.58 % of Pt and 43.42 of As (Table).

In accordance with the data of [10] sperrylite crystals have very stoichiometric
chemical composition, but sometimes they can contain up to 17 % of Ir, up to 14 — of
Rh, up to 10.8 — of S, up to 2.9 — of Au, up to 2.1 — of Pd and less than 1 % of Ag,
Te, Sb, Fe and Ni. Rh, Pd and Sb are most often occuring impurities in sperrylite.
Sperrylite crystals of the Zhdaniv intrusion contain small amounts of Ir, Rh, Ru, Ag,
Pb and S, and microinclusions of native gold (Fig. 3).

Native copper from the crust of weathering of the Zhdaniv intrusion is represented
by microdendrites (Fig. 4) up to 1.0—1.5 mm in size, often in intergrowths with hematite.
The cubic form of growth prevails in dendrites, small faces of octahedrons are complicated
by slightly cubic form of crystals. There are two ways of dendrite growth: a layer of
cubes along [001] direction and a layer of cube along [011] direction with simultaneous
complex twinning according to spinel law — growth of twins with apparent five-fold
symmetry ("pentagons” of cubes). The described native copper dendrites of the Zhdaniv
intrusion were not found in the known ore deposits and occurrences of Ukraine. Native
copper includes 99.9 % of Cu, up to 0.1 — of Fe, traces of Ag, Pt and Ni.

Pyrite is the second mineral of the specific gravity fraction from the alteration
zone of the Zhdaniv intrusion. It is represented by octahedral crystals up to 0.3 mm in
size, their intergrowths and aggregates (Fig. 5). Pyrite contains only minor impurities
of Ni and Co. Very small amounts of Fe have been determined in the native silver
grains.

If the emergence of native copper in the crust of weathering of the Zhdaniv intrusion
should be connected with very late hydrothermal activity, then sperrylite may be a
result of primary magmatic or postmagmatic crystallization. So far only native gold and
perhaps pyrite have been attributed to paragenetic minerals of sperrylite. Sperrylite is a
typomorphic platinum mineral both in chromite and sulphide-bearing ultramafic rocks
(dunite, pyroxenite) of mobile zones of the shields and in sulphide Cu-Ni layered
mafic intrusions of the platforms [9]. However, sperrylite of ultramafic rocks has been
attributed to main minerals of ores while one of the mafic rocks to secondary minerals
of ores. It is necessary to find out other minerals which sperrylite of the Zhdaniv
intrusion has grown with.

The Zhdaniv peridotite intrusion as well as other similar ultramafic untrusions of
this part of the Berdychiv block may be a potential host to Pt mineralization. The
pyrrhotine-pentlandite-chalcopyrite mineral association with sperrylite and other Pt
minerals should be expected in the bedrocks. Together or separately Pt and Cu
mineralization (as well as Au and Ag mineralization) of the Zhdaniv intrusion can be
the object of economic interest.
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PE3IOME. BriepBble OnvcaHbl MHOTOIPAHHUKHW CIIEPPWINTA U HEOOBbIYHBIE EHAPUTHI CAMOPOIHON MEIM B MUHE-
paJibHBIX KOMIUIeKcax YKpauHbl. OHM OOHapyKeHbl B KOpE BbIBETPMBAHMsI MEPUAOTUTOB KIAHOBCKON MHTPY3MU
Bepaunueckoro 6j0Ka YKPanHCKOro MUTA. 25 KPUCTALIOB CIIEPPUINTA U OOJIBIIIOE KOJIMYECTBO IEHIAPUTOB CAMOPOI -
HOI1 Me/IM U3yUYEHO C MOMOLIbIO METOJOB PACTPOBOI 3JIEKTPOHHOI MUKPOCKONMUM U MUKPO3OHI0BOro aHanu3a. Kpu-
CTaJUTbl crieppuinTa pazmepoM 10 0,5 MM UMEIOT OKPYIJIYIO, OKTadIpPUYECKYIO U 6oJiee CI0XKHYI0 KOMOMHALMIOHHYIO
¢dopMy MHOrorpaHHMKOB. X XUMHMUYECKHI1 COCTaB OJIM30K K TEOPETUUYECKOMY, KPOME TOI0, OHU COEPXKAaT HeOOJb-
e kojmuectsa npumeceil Ir, Rh, Ru, Ag, Pb, S u cienst Sb, Ni, Bi, Au, Cu, Sn. JIeHApUTHI CaMOPOIHOI Mean
CJIOXKEHbl KyOMYeCKMMM KPUCTAJUIaMU, YCJIOXHEHHBIMU TPaHsIMM OKTasnpa. Mx xuMmuyeckuit cocraB — 1o 99,9 %
Cu, 10 0,1 — Fe u cinenst Ag, Pt, Ni. Yacto oHM 00pa3yloT CpOCTKM C arperaraMu remMatuta. OmucaHbl Ba Crocoba
0o0pa3oBaHusl JEHAPUTOB caMOpPOAHOW Menu. IIpoBeneHO CpaBHEHME MOJNYYEHHBIX PE3YJbTAaTOB C JIMTEPATypPHBIMU
JaHHbIMHU.

PE3IOME. Briepiuie onucaHo GaraTOrpaHHUKM CIEPWIITY i He3BUUAiiHi IEHIPUTH CAMOPOIHOI Mili B MiHEpalbHUX
KOMIUIeKcax YKpaiHu. BoHM BuUsIBIeHiI B KOpi BUBITPIOBaHHSI MepuaoTUTIB KnaHiBcbKoi iHTpy3ii bepaudiBcbkoro
6JIOKY YKpaiHChKOTO HIMTA. 25 KPUCTaliB CIEPUJIITY i BeJIMKa KiJIbKICTh JEHAPUTIB CAaMOPOMHOI Mili BUBYEHO 3a
JIOTIOMOT'0I0 METOJ1iB PacTPOBOI €JIEKTPOHHOI MiKPOCKOIIi i MiKpo30H10BOro aHaiidy. Kpucranu cnepuiity posmipom
110 0,5 MM MaloTh OKPYTJTy, OKTagApUUHY i GiblI cKIaaHy KoMGiHallifiHy hopMy GaraTorpaHHUKiB. Ix XiMiuHuii ckian
OJIM3BbKUI 10 TEOPETUYHOIO, KPiM TOr0, BOHM MICTSITh He3HauyHi gomiiiku Ir, Rh, Ru, Ag, Pb, S i ciainu Sb, Ni, Bi,
Au, Cu, Sn. JIeHAPUTH caMOPOJHOI Mifli CKJIafieHi 3 KyOiYHUX KPUCTAiB, YCKIAIHEHNX IPAHAMU OKTaeapa. 1X XiMiuHmii
ckian — 10 99,9 % Cu, no 0,1 — Fe i cininu Ag, Pt, Ni. BoHM 4acTo yTBOPIOIOTb 3pOCTKM 3 arperataMu reMaTuTy.
OnucaHo [1Ba CrocoOM YTBOPEHHS AEHAPUTIB CaMOPOAHOI Midi. 3pobyieHO MOPiBHSIHHSI OTPUMAHMUX Pe3yJIbTaTiB 3
JIiTEpaTypHUMU JTaHUMMU.
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Olivine, the miracle mineral

Probably the major gas species to contribute to the greenhouse effect is CO,. The CO,-level of the atmosphere is mainly
controlled by weathering, and subsequent precipitation of the released cations as carbonates. Enhanced weathering,
therefore, is an effective tool to reduce the CO,-content of the atmosphere. Olivine is an abundant and fast weathering
mineral. It can be used in 2 ways. At point sources of CO, (power plants, oil refineries) the CO, can be captured and
reacted with olivine in industrial autoclaves. The reaction products are magnesium-carbonate and precipitated silica,
for which bulk applications must be developed. Olivine can also be used extensively, by spreading small grains over
farmland or woodland. Weathering will take up considerable amounts of CO,, and the olivine will serve at the same
time to combat the effects of acid rain.

Introduction. Olivine (or its high-pressure equivalents) is probably the most abundant mineral
on earth, because it is the main mineral of the earth’s mantle. Even so, it is relatively rare at
the earth’s surface, where it occurs mainly as mantle xenoliths in certain basalt types, in
dunite/peridotite massifs, or as phenocrysts in basic volcanic. The only geological setting
from which olivine can be recovered economically are dunite massifs. Dunites are mined
a.o. in Norway, Sweden, Spain, Italy and the Ural Mountains. In dunitic rocks the olivine
can be either a primary magmatic mineral, or a metamorphic mineral after a serpentinite
mass has been metamorphosed under conditions of amphibolite or granulite facies. Olivine
can play a major role in environmental technologies, as will be elucidated in this paper.

Olivine in environmental technologies. Olivine is a neso-silicate, which means that there
are no strong Si-O-Si bonds that must be broken during the weathering of olivine. As a
consequence, olivine is the fastest weathering of the common silicates. Chemical weathering
can be described as the neutralization of an acid by rocks, according to the general formula

Fresh rock + H,0 + CO, — Cations + Soil + HCO 3

This has led to the development of the olivine process (Schuiling et al., 1986) [3].
Industrial waste acids are usually neutralized by crushed limestone before disposal. As sulfuric
acid is the most common industrial acid, this reaction produces a lot of (polluted) gypsum.
As an alternative we have investigated whether olivine could provide a viable alternative.
Olivine is a less powerful neutralizing agent than CaCO;, and the reaction with crushed
olivine proceeds only at technologically acceptable rates at temperatures of 70 °C and higher.
The reaction with "real" olivine proceeds as follows

Mg, ¢sFe, 14Niy ;5104 + 2H,S0, —1.85Mg?* + 0.14 Fe2* +
+ 0.0INi** + 2SO0 ;- + H,SiO,.

If we start with a waste acid with a pH around 0, the reaction with olivine in a stirred
vessel proceeds to a pH of around 1.5—2 in a matter of a few hours at temperatures between
70 and 90 °C. pH being a logarithmic unit, this means that by this time more than 90 % of
the neutralization has been achieved. At this point the reaction is stopped, the precipitated
silica is separated and washed. The remaining acid sulfate solution is further neutralized with
MgO (to avoid adding additional cations), and slowly oxidized while maintaining an elevated
temperature. At this temperature, and under conditions of high salinity the iron oxides form
a finely crystalline ferrite, with a composition of (Fe, Ni)Fe,0,. The final MgSO, solution
becomes supersaturated on cooling, and crystalline pure epsomite or hexahydrite can be
recovered.

The advantages of the olivine process over classic waste acid treatment are obvious. No
bulk waste products, but clean silica, finely crystalline ferrites, and MgSO,+ 6H,0. The
silica can be used as such for a number of applications (fillers), or as a starting material for
the synthesis of zeolites or synthetic clays. The (sub-)micron sized ferrites can be used in
electronics, pigments, or even as a fairly rich nickel ore (commonly between 3 and 4 %
nickel). The Mg-sulfate finds applications in fertilizers or in the paper industry.

© R. D. Schuiling, 2001
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Ironically it is precisely these advantages that have hampered the introduction of the
olivine process so far. Industries, in general, are reluctant to introduce innovative technologies,
and no industry has a market position in all 3 of the products of the olivine process, so
if they have a market for one of them, the other two are a nuisance.

The process has been developed by Geochem Research with the support of the
EU. The process has been described in more detail in a thesis by Jonckbloedt, 1997
[1], and the products, particularly the properties of the precipitated silica have been
described in a thesis by Lieftink, 1997 [2].

Olivine to improve soils and buffer acid rain. Many soils are rather acid, a situation
that is often aggravated by the effects of acid rain. Liming such soils is a common
agricultural practice. This must be repeated every few years, which presents no problem
on open farmland. Acid conditions in forests are more difficult to change, because it is
impossible to spread lime in a standing forest. A more practical alternative would be
the application of crushed olivine with an average grainsize of 300 micron. From an
extrapolation of the experimentally determined reaction rates, it can be calculated that
an olivine gift of 1—2 t per hectare is sufficient to buffer the effects of acid rain (pH
3.5—4) for a period of 30 years. This should be supplied before a new forest is planted.
The positive effects of the spreading of olivine on the health of the forest may be
enhanced, if the olivine is mixed with a slow-release fertilizer like struvite. Struvite has
the general formula (NH,, K)MgPO,:6H,0, and can be easily obtained from the
treatment of manure or urban sewage (Schuiling & Andrade, 1999) [4]. Compared to
liming, the addition of olivine has another advantage. Liming a soil is essentially
greenhouse-neutral, whereas the reaction of olivine with CO, can remove considerable
volumes of CO, from the atmosphere.

Olivine to combat the greenhouse effect? As we have seen, the weathering of olivine
consumes a considerable amount of CO,. Let us, therefore, just as a mental exercise,
calculate how much olivine we would need theoretically to consume all the CO, in the
atmosphere. It should be clear that in practice the reaction would stop well before all
the CO, is consumed.

From the equation

(Mg, Fe),SiO, + 2CO, + 2H,0 — 2(Mg, Fe)CO; + H,SiO,
it is evident that we need 1 moll of olivine for two moles of CO,. The total mass of CO,
in the atmosphere is approximately 2.5 x 1018 gram, or 5.5 x 10!® moles. This means
that we would need 2.75 x 1016 moles of olivine, equivalent to approximately 400 x 10!6
grams. If we would spread this evenly over the land surface of the earth, 160 x 1016 ¢cm2,
this would mean that a layer of 2.5 gram/cm? (a layer of olivine of less than 1 c¢m
thickness) would be sufficient to remove all the CO, from the atmosphere.

Clearly, an argument like this has no real meaning, but we must draw the conclusion.

Even a minute layer of olivine powder would already have a large impact on
the CO,-budget of the earth. Another way in which we can use olivine to combat the
greenhouse effect would be a technology to collect CO, from point sources (power
plants, oil refineries) and react it in industrial reactors with olivine. In this way we
apply the olivine process to the most common industrial waste acid, CO, produced
during combustion of fossil fuels, or in oil refineries. It was found that a mixture of
CO, at high pressures and olivine powder at temperatures around 150—200 °C in a
stirred reactor will react rather rapidly (Schuiling & Krijgsman, in prep.) [5]. The
products are magnesite and precipitated silica. Research is under way to separate these
two products, and study their potential applications. The study is focusing on bulk
applications, e.g. in construction materials. We consider that the introduction of the
olivine process in order to sequester CO, can only be successful if the products have an
economic value.

Other uses of olivine. Olivine is not only interesting for its chemical properties.
Olivine is mined for other purposes as well. It is a hard mineral and has no cleavages,
reason why it is used as a replacement for quartz in sand blasting. Quartz is being
phased out in these applications, because the fine dust of freshly broken quartz may
cause health problems. Olivine is also used as a form sand in foundries. Its main
application, so far, is as a slag conditioner in iron production. It lowers the viscosity of
the slag, and contrary to the use of dolomite, it limits the iron losses to the slag, as the
olivine itself contains some iron.

The last, and most valuable application of olivine (on a weight basis!) is its use as
a beautiful semi-precious stone. This is where the mineral earned its other name,
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chrysolith, literally the golden stone.

Conclusion. This leads to the conclusion: Olivine deserves its name, chrysolith,
the "golden stone", for its possible contribution to solve some of the world’s most
pressing environmental problems.

. Jonckbloedt R. C. L. (1997) The dissolution of olivine in acid. A cost effective process for the elimination of waste
acids. PhD-thesis Utrecht University, 114 pp.

. Lieftink D. J. (1997) The preparation and characterization of silica from acid treatment of olivine. PhD-thesis,
Utrecht University, 175 pp.

. Schuiling R. D., van Herk, J., Pietersen, H. S. (1986) A potential process for the neutralization of industrial waste
acids by reaction with olivine. Geologic en Mijnbouw, 65, pp. 243—246.

4. Schuiling R. D., Andrade A. (1999) Recovery of struvite from calf manure. Env. Techn., 20, pp. 765—768.

. Schuiling R. D., Krijgsman P. Enhanced weathering; an effective and cheap tool to sequester CO, (in preparation).
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PE3IOME. BepostHo, CO, sIBISIETCSI OCHOBHBIM Ta3oM, CIIOCOOCTBYIOLIMM MapHUKOBOMY 3ddekty. Yposenb CO, B
aTMocdepe peryJIMpyercst eCTeCTBEHHON Jerasalueil U Mociae10BaTe/IbHbIM OCaXIEHUEM OCBOOOXIEHHBIX KapOOHaT-
HBIX KaTMOHOB. TakuM 00pa3oM, YCUJIEHHasl eCTECTBEHHasl ierazaluus sipisieTcsl 3QpGeKTUBHBIM CIOCOOOM CHUXKEHMSI
conepxxanust CO, B atMoctepe. OIMBMH — PacrpoCTPaHEHHbI MUHEPAJ, CIOCOOCTBYIOIIUIA OBICTPOIl €CTeCTBEHHOM
Jerasaluu. OH MOXKET ObITh MCIOJIb30BaH B Ppas3IMYHbIX OTpaciiAax. B ToyeuHbIX MCTOYHUKAX (TC]’IJ’IOBb]C CTaHLUH,
He(TeOUUCTHBIE COOPYKEHUS) CO2 MOXET MOIJIOIATLCSI OJJMBUHOM B MPOMBILLJIEHHBIX aBToK1aBax. [Ipogykramu
peakuuu SIBISIIOTCS KapOOHAaT MarHusi M OCAXAEHHBIl KpEeMHe3eM, HJIsSi KOTOPbIX ClelyeT HalTh Oosiee LIMpPOKOe
IMPUMEHEHHUE. OJ'l]/lBl/lH MOXET TaKX€ HIMPOKO MCIIOJb30BATHCA Kak ITbLICBasd ﬂ06aBKa Ha CeJIbCKOXO3SIMCTBEHHBIX U
JecHbIX 3emisX. EcTecTBeHHas nerazauusi u36aBUT OT cyliecTBeHHbIX 00beMoB CO,, a ONIMBUH B TO K€ BpeMsi OyneT
CIOcoOCTBOBaTh 6OPbOE C KUCIOTHBIMU TOXISIMH.

PE3IOME. ImosipHo, CO, € OCHOBHUM ra3oM, LIO Cripusie napHukosoMy edekTy. Pisens CO, B arMocdepi pery-
JIIOETHCSI TIPUPOIHOIO JIETa3alli€lo i MOCHiOBHUM OCAIXKEHHSIM 3BiJIbHEHUX KapOOHATHMX KaTiOHiB. TakuM 4YMHOM,
rocHJIeHa MPUPOJIHA Jerasalis € eeKTUBHUM 3aco00M 3HMKeHHs1 BMicTy CO, B aTMocdepi. OniBiH — molupeHnii
MiHepaJl, L0 CIpUsIE LIBUAKIA NPUPOHii neraszauii. BiH Moxe OyTM BUKOPUCTAHMI y Pi3HOMAHITHUX rany3six. Y
KpPankoBHX JXepesax (Telosi cTaHuii, HadToouncHi cniopyakeHHs) CO, Moxe MOITMHATUCS OJiBiHOM Y TPOMMC-
JIoBUX aBTokiaBax. [lpoaykTamu peakilii € KapOOHAT MarHiro i ocalkeHuil KpeMHe3eM, AJIs SIKUX BapTo 3HAWTU
GiJIbLI 1IMPOKe 3acTocyBaHHs. OMiBiH MOXe TaKOX LIMPOKO BUKOPHUCTOBYBATUCSI SIK MUJIOBA JOOABKa Ha CiJIbCbKOro-
CMOAAPCHKHUX i JTicoBUX 3eMiisix. IIpuponHa nerasauist mosoyne Bin cyrreBux obesirie CO,, a oniBiH y Toii e yac Gyne
CrpuUITH 60pOTHOI 3 KUCTOTHUMMU JOLLAMU.
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The 6th Congress of the Ukrainian Mineralogical Society

The 6th Congress of the Ukrainian Mineralogical Society (UMS) took place in the building
of NAK "Nadra Ukrainy" on October 2—4, 2001, Kyiv, Ukraine, after a long break. As it was
planed, it had to take place in 1996 year, but was adjourned because of the economic crisis.

The Presidium, Council of UMS and Organizing Committee of the Congress (with
leading scientists-mineralogists, teachers, practical workers, heads of geological institutions,
organizations, establishments) have prepared this Congress. VAT "Ukrtelekom", Kyiv State
geological enterprise "Geoservice”, SAT "Concern NADRA", "Carbon" enterprise, Institute
of Geochemistry, Mineralogy and Ore Formation of NAS of Ukraine, State Gemological
Center of Ukraine and Taras Shevchenko Kyiv National University gave the financial support
to this Congress.

Main scientific themes of the Congress were problems of the mineralogy of Ukraine on
the borderline of this century, including general problems of mineralogy.

Before the beginning of the Congress all its members received two issues of the following
magazines: N 4 of the "Mineralogical Journal" (Ukraine), 2001, and N 5/issue 1 "Mineralogical
Collection" (Ukraine), 2001, main papers of the 6th UMS Congress being published in
them.

V. 1. Pavlyshyn, the UMS President, welcomed the opening of the 6th Congress. He
announced that 93 participants have already been registered including 69 members of UMS
that which were the official delegates of the Congress.

The 6th Congress of UMS received greetings from the following persons: President of
Ukraine L. D. Kuchma, Prime-Minister of Ukraine A. K. Kinakh (read by the Minister of
Ukraine, Member of NAS of Ukraine S. O. Dovgy); President of NAS of Ukraine Academician
B. Ye. Paton (read by Academician V. I. Starostenko, academician-secretary of the Earth
Science Department of NAS of Ukraine; professor A. G. Bulakh (from Russian mineralogists);
assistant of State Secretary of the Ministry of the Environment and Natural Resources of
Ukraine S. O. Lyzun; Candidate of geological-mineralogical sciences I. V. Tkach executing
Chairman of NAK "Nadra Ukrainy", Chairman of the Union of Geologists of Ukraine,
Candidate of geological-mineralogical sciences P. O. Zagorodnyuk; D. Kovalenko, the second
year student of geological faculty of the Taras Shevchenko Kyiv National University.

Further the UMS President professor V. 1. Pavlyshyn made a large report about the
activity of UMS for the last 10 years and about the basic problems of development of
mineralogy in Ukraine.

The following item of the Congress work was devoted to solemn delivery of the diplomas
to honorary UMS members — Academician I. M. Kostov (Bulgaria); professor of the Berlin
Technical University Klaus Langer (Germany); professor of the Moscow Geological
Prospecting Academy B. I. Pirogov (Russian Federation); professor of the V. N. Karazin
Kharkiv National University G. V. Karpova (Ukraine); professor of the Ivan Franko L’viv
National University Z. V. Bartoshyns’ky (Ukraine); engineer-geologist of Nowo-Moscows’k
expedition N. M. Gayeva (Ukraine). The first Vice-president of UMS A. A. Val’ter conducted
the ceremony of the diplomas presentation.

In honor of the Congress participants, first of all newly-made honorary members of
UMS, Taras Kompanichenko, a very original musician and an interesting person, gave a
small vocal-instrumental concert, which was accompanied by the appropriate explanations,
since he played and sang the littleknown old compositions.

The first half of the working day of the Congress was finished by election of the UMS
Council. The Congress participants elected Members of the UMS Council for 2001—2006;

Doctor of geological-mineralogical sciences V. M. Kvasnytsya (President of UMS);

Doctor of geological-mineralogical sciences A. A. Val’ter (the First Vice-President of
UMYS);

Professor O. I. Matkovs’ky (the Second Vice-President of UMS);

Candidate of geological-mineralogical sciences O. M. Ponomarenko (Vice-President
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of UMS);

Candidate of geological-mineralogical sciences T. Ya. Kutuzova (Secretary of UMS);

Candidate of geological-mineralogical sciences V. M. Khomenko (Secretary on
international communications of UMS);

Candidate of geological-mineralogical sciences D. K. Voznyak (Member of UMS
Council);

Professor V. I . Pavlyshyn (Member of the UMS Council);

Professor V. F. Grinchenko (Member of the UMS Council);

Assistant professor O. V. Zinchenko (Member of the UMS Council).

According to the UMS charter, all the chiefs of the UMS departments were included in
the UMS Council.

After a break professor O. I. Matkovs’ky made a report "State and prospects of mineralogy
development on a joint of millennia”, in which he has elucidated the achievements, oversights
and tasks of Ukraine’s mineralogy against a background of the world achievements. After a
short discussion (I. S. Vasylyshyn, I. M. Naumko, V. D. Yevtekhov, V. P. Usenko), at 15.00
the Congress participants went for the excursion by bus thoungh Kyiv, organized by Organizing
Committee of the Congress.

The scientific part of the Congress work was accompanied by the exhibition of original
mineral samples, units and products from stone prepared by the Geological Museum of the
Taras Shevchenko Kyiv National University. A round table discussion on the subject (executive
professor L. S. Galets’ky): "Ukrainian mineralogical society, mineralogy in Ukraine, mineral-
raw basis of Ukraine: from the problem of survival to the growth perspective” was also held.

The Congress states:

1. Among the highest achievements of the present stage of development of the world
mineralogy, that V. 1. Pavlyshyn proposes to call the physico-ontogenetic one, the stage of
mineralogy development of in Ukraine seems differently.

Recently (the 60-80’s of the 20th century) the powerful mineralogical schools (crystal
chemistry and physics of minerals, regional mineralogical school, thermobarogeochemical,
mineralogical technological) decreased substantially (because of the crisis) their productivity
in the 90’s. But, anyway, at the borderline of centuries the activity of mineralogists of
Ukraine has distinctly increased. In particular, 110 reports at the Congress of UMS serve the
evidence of that.

2. UMS has survived, though in condensed state, from the baneful influence of the
crisis in Ukraine. The administration of UMS has undertaken some profitable measures for
development of mineralogy: integration of UMS into the European Mineralogical Union
(1993), International Mineralogical Association (1994), established "Lazarenko’s readings"”;
initiated programs and publications, directed to establishment of scientific principles of
development of mineralogical and primary material base of Ukraine, liquidation of the
contaminated environment; the international, pan- Ukrainian or subject conferences, cessions,
seminars took place, and the memory of many outstanding scholars was immortalized under
the aegis or with participation of UMS.

3. The appreciable general progress of mineralogy is accompanied by existence or even
exacerbation of problems of mineralogy development. The most outstanding one are as
follow: a) the ageing and decreasing mineralogical staff is not reinforced by younger generation,
and thus the "staff deficiency” is observed which has a tendency to extend; b) financing of
the research in mineralogy is discontented, and the earth sciences are underestimated; c)
modern analytical equipment in almost absent in the scientific institutions, geological
organizations and educational institutions.

The Congress has approved:

1. To enforce the UMS organizationally, to regenerate financial and extend publishing
activity, to revive work at the UMS Departments, regularly convey the annual UMS sessions
on the urgent problems of mineralogy and relative sciences, to perform training for young
scholars and specialists on the basis of the UMS Departments.

2. To raise the level of administrative activity of UMS, directed to enforce the role of
mineralogical research during prospecting, surveying, exploring, extraction, and technological
works.

3. To prepare proposals as to the changes in the UMS structure — expediency of the
organization like Russian MS, standing commissions at UMS.

4. To perform new registration of UMS members and issue the reference-book of UMS
members. To establish the membership dues in the amount of 5 gryvnas (2 grn. for students)
in 2001.
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5. To take active part in preparation for printing of the first and next volumes of
"Mineralogical Encyclopedia of Ukraine".

6. To facilitate the performance of effective educational reform in Ukraine adjusting it
to European norms.

7. To continue work on creation of mineralogical reservations, and to continue work on
the problem of mineralogical diversity in Ukraine.

8. To support the initiative of the State Gemological Center of Ukraine about giving
the status of national property the Museum of Precious and Decorative Stones (the settlement
of Volodars’k-Volyns’ky of Zhytomyr region).

9. To support the initiative of the Academician M. P. Shcherbak on creation of
interdepartmental academic laboratory with unique equipment (the ion-ion analyzer, modern
microprobe, ISP, etc.), absolutely necessary for the decision of urgent problems of geological
science and practice in Ukraine.

10. To finish work on preparation of the draft of a new priority trend of development of
science and engineering for the Verkhovna Rada of Ukraine which would cover the sphere
of functioning sciences about the Earth.

11. To prepare for printing, it is advisable in "Mineralogical Journal" (Ukraine) and
"Mineralogical Collection” (Ukraine), information about the 6th Congress of UMS.

The 6th Congress of UMS is very much thankful to everybody for participation and
active work to sponsors named above for the material help, management of NAK "Nadra
Ukrainy" for creation of appropriate conditions for conducting the Congress, and also to
dean’s office of Geological faculty of Taras Shevchenko Kyiv National University, to the
workers of the Geological Museum for organization of the exhibition of minerals.

T. Ya. Kutuzova, Yu. A. Galaburda
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