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breccias in Obkoronda deposit
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Thermometric analysis of explosion EARTH SCIENCE LAB,

V.1 Sotnikov and A.A. Proskuryokov

. Explosion breccias are a distinctive feature
of subvolcanic hydrothermal deposits (3), in-
cluding deposits of the copper -molybdenum as-~
sociation where the process of explosive brec-
ciation is closely tied up with the development
of magmatism and of ore formation (4, 5).
Thus data on the thermodynamic regime of ex-
plosion brecciation are important in recon-
structing the whole history of development of
the endogene process in deposits of the subvol-
canic type. We have obtained some thermody-
namic parameters in association with thermo-
metric analysis of the explosion breccias in
the Obkoronda molybdenum deposit ( Northeast
Transbaykal).

The central breccia body of the deposit
was investigated; it is composed mainly of an-
gular fragments of the leucocratic granite coun-
try rock. In areas where the brecciation affects
the quartz-feldspar bodies ( metasomatic depos-
its of the early endogene stage of areal
"'steaming'') fragments of quartz which usual -
ly has acquired a smoky color clearly pre-
dominate. In some parts of the breccia bodies
are found fragments of biotite granites and
diorites that apparently represent biotite-
bearing rocks at deeper levels.

The breccia body was formed as a result
of the repeated occurrence of explosive out-
bursts which are reflected in particular in the
varied character of the cementing material.
At present we can very definitely speak of two
stages of brecciation in the central body at
Obkoronda,

In the first stage, possibly preceding ore
mineralization, the cement is represented to
a significant degree by fine-clastic material
that has been metamorphosed (to a distinctive
metamorphogenic rock with "ocelli" of quartz).
In the breccias of the second stage, which are
superposed on the older ones but which were
formed after the main molybdenum minerali-
zation, the cementing material also is a fine-
clastic mass of the country rock (including

Transglated form Termometricheskiy analiz
eksplozivaykh brekchiy obkorondinskogo mesto-
rozhdeniya, Vyssh, Ucheb. Zaved. Izv., Geolo-
giya t Razvedka, 1973, no. 10, p. 65-G8, The
authors are with Novosibirsk State University.

that formed in the early stage of brecciation)
that has been intensely impregnated by magne-
tite, giving the late cement a distinctive black
color.

In the quartzose part of the groundmass of
the "metamorphogenic' cement the primary in-
clusions contain about 40 % gas and are homo-
genized into a liquid phase at 350-380 and 220-
325°. Inclusions that are homogenized into a
gas phase at 275-475° are numerous. They
are characterized by clearly different phase
relationships even within narrowly local areas.
The gas-phase content ranges from 40 to 90 %,
with a predominance of the essentially gaseous
components { 2). Critical phenomena are noted
in inclusions with a homogenization temperature
of 355°.

The primary inclusions in the quartz ocelli
in the "metamorphogenic' cement are especially
common. Among them a group of high-tempera-
ture faceted, subfaceted, and round inclusions
(50-65% gas phase) with homogenization into
a gas at 365-480° is recognized. Syngenetic
with them are inclusions that are homogenized
into a liquid phase at 340-365°, often with criti-
cal phenomena, We must also take note of the
primary inclusions with mainly irregular amoe-
boid forms that homogenize into a liquid phase
at temperatures of up to 300°, Such inclusions
burst with only slight heating.

One can estimate the temperatures of the
later brecciation from the results of the study
of the secondary inclusions in the fragmented
quartz within the cement as well as from the
early secondary inclusions in the quartz ocelli
in the "'metamorphogenic'’ cement; their homo-
genization temperature is 260-315°, Homo-
genization takes place into a liquid phase.

‘In the quartz from the quartz-feldspar
bodies that have not been affected by breccia-
tion inclusions are rather numerous. Faceted
( rectangular and rhomboid), subfaceted, and
rounded inclusions predominate, with 50-70 %
gas phase, that are homogenized both into a
gas and into a liquid at 320-365°, along with
inclusions with 40% gas that are homogenized
into a liquid at 260-320°. Many are three-~
phase inclusions with liquid and gaseous COg.

In the quartz of the coarser quartz-feldspar
bodies inclusions also are noted with homogeni-
zation into a gas at 280-440°, In this case
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Composition of gas phase {in volume percent) in individual inclusions.

"G R RN AT T

U g8 ¢
et Limaipt 8t

. H28,; 803, S04

Inclusions NH3 HCI, HF | €02 02 . Cco Hg Ng + RG*
From quartz-feldspar bodies 6 73 Not observed | Not observed | Not observed . 16
homogenized into a liquid at
280° C 4 ] 74 Not observed | Not observed | Not observed 22
Related to Iate explosive Not observed 52.2 | Not observed| Not observed 5.5 42.3
brecciation (homogenized in-
to a liquid at 28¢° C) Not observed 71.2 Not observed | Not observed 3.2 25.6

v A . 22 o] TR T S

[ Y

Analysts: Z.K. Mazurova and N, A. Shugurova, Institute Geology and Geophysics, Siberian Division, USSR

Academy of Sciences.
*Rare gases.

they often are syngenetic with inclusions
homogenized into a liquid phase, Nonequili-
brium and "unlaced' inclusions and inclusions
with large amounts of CO2 occur in a number
of associations. All these inclusions probably
characterize periods of heterogenization of
solutions ( perhaps their local boiling) in the

" - general evolution of the hydrothermal system.

Similar inclusions are found in the coarse
fragments of quartz in the breccia body. In
the small fragments the number of such inclu-
sions decreases significantly; this is especially
clearly marked in the decrease in the number
of three-phase inclusions with COg. Moreover,
the total number of inclusions in the quartz
fragments from the breccia is significantly
greater than in the quartz of the quartz-feldspar
bodies.

Secondary inclusions in the quartz frag-
ments are numerous and are localized along
systems of variously oriented healed fractures.
Their dimensions and morphologic character-
istics to a significant degree are determined
by the character of the fractures.

Faceted ( mainly rectangular and rhom-
boid) inclusions with 40 % gas and homogeniza-
tion to a liquid at 260-330° are the most typi-
cal group of inclusions, Isolated assemblages
of syngenetic inclusions are found in which the
gas-~phase content ranges from 5 to 90%. An
unusually great role for CO2 is displayed in
the inclusions. The presence of sets of inclu-
sions with a varied role for CO2 in the individ-
ual syngenetic members is characteristic;
this probably reflects the heterogeneous com-
position of the solutions in association with
the presence of free CO2,

Along some weakly healed fissures com-
pletely or partly "unlaced" inclusions with
various phase relations are found rather com-
monly, The solutions that {ill them clearly
had a weak reaction capability and did not
bring about a reworking of the walls of the

vacuoles into an equilibrium form. Thus the
temperature intervals for the phenomenon of
explosive brecciation in the early and late stages
are, respectively, 220-480° (or possibly even
somewhat higher) and 260-330°. Within these
limits occurred a steplike change in the ther-
modynamic parameters of the system that
clearly is depicted by the characteristic groups
of inclusions,

A sharp change in the thermodynamic re~
gime in the process of explosive brecciation
depended on changes in the aggregate state of
the solutions, their boiling and heterogenization
in discrete regions. Characteristic here is
the formation within narrowly local tracts of
syngenetic groups of inclusions with diverse
gas-liquid phase relationships, with critical
phenomena, and with varied CO2 contents.

The heterogenization of the solutions is repre-
sented with special clarity in the early breccia-
tion. Much in common is noted (in relation to
the temperature regime and the aggregate state
of the solutions) between the process of early
explosive brecciation and the formation of the
quartz-feldspar bodies.

The period of instability also was reflected
in the formation of inclusions of complex non-
equilibrium morphology, of palmate, isometric,
and subfaceted form, completely or partly
"unlaced"; in the presence of essentially gas-
eous inclusions, and so on. Given an unstable
thermodynamic regime the pressure in the
system clearly dropped very significantly.
Thus, judging from the presence of critical
inclusions with homogenization temperatures
of 355° (1) and of groups of two-phase gas-
liquid inclusions homogenized into a gas phase
at 275-280°, these pressures lay in the range
100-200 atm ( or even somewhat less).

At the same time inclusions are commonly
found with a liquid CO32 content of up to 80
{or more) of the total volume of thg inclusions
and with temperatures of complete homogeni-
zation of about 300°. The pressure in such
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V.I. SOTNIKOV AND A.A. PROSKURYAKOV

inclusions, which usually burst even with slight
heating, should increase to 700-800 atm at the
moment of homogenization. A pressure of up
to 580 atm is developed during homogenization
of the three-phase inclusions with liquid CO2
that are homogenized into a liquid or a gas
phase at 300-320° (2).

The concentration of the solutions in the
process of explosive brecciation was relatively
low; this is confirmed by the absence of inclu-
sions with a solid phase, the critical tempera-
tures, the similarity in their critical point to
that of pure water, and the common weak mani-
festation of mineralization related to breccia-
tion,

The composition of the gas phase according
to several analyses of individual inclusions is
presented in the table, from which it can be
seen that, for inclusions related to the explosive
brecciation as compared with the inclusions in
the quartz-feldspar bodies, Hg and N2 + rare
gases in association with the absence of sulfur
gases and a somewhat reduced role for CO2
are more characteristic. For inclusions that
are syngenetic with brecciation but which are
developed on the margins of the explosion brec-
cia body, the role of CO2 is markedly increased
relative to that in inclusions in the central part
of the body; this apparently is related to the
considerable migrational ability of the CO2
that is released from the solution during its
boiling.

5.
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Terrestrial Heat Flow on Pre-Cambrian Shields in the USSR

E A Lusivova *, BV, Kmaus* F. V. Firsov ¥, G. N, STARmOVA"‘ V. K. VLA}:DV"“

L. N. Lyusova * s E..B.. KOpERBAKH, *

'

 ABSTRACT ~

Geothermal gradients, thevmal conductivity of rocks and
heat flow data are given for the Pechenga aiéa, the Mofiche-
gOFsK phxtmn theé Ricolatva area, the Koashivz apd the Khibini
miountaids in the Kola pcmnsuh o the. Pre:Canmibriafi Baltic
shicld, Heat flow values aig lowt bcmg respectivily 085 £ 0.00
HFU; 095 £ 0.08; 0.69 & 001;49,22 4+ 001, GSSj:*DQBHFU

Comparison of geothmmal daxa with se.;smo}ogxcai data for the _

Ukrainjan Pre-Cambrion shield is gwaan

Introduction

At the first stage ofothe Upper Maiitle Project, great

importance was attached to the problem. of studying heat’

ﬂaw on Pre-Cambrian czyataﬂme shitlds. These. tela-

nvely stable zones of tHE earth’s crust are convenient

for studying contributions of heat flow. from the carth’s
crust dand opper mantle.

Because of velatively Tittle drilling on shitlds and
the necessity - of {ong-term preservation -of borcholes and
- wells'measutement, f ruitful articles werg publist 1ed only
at the.third stage of the Uppér Maritle Praject, and these
generalized. and Summarjzed the whcle complex of ged-
‘thermal dnd associated geological and peimchemmai
investigations on shields,

OfF great interest were articles by Australian, Cana-
dian and Indian geophysicisis, who mziependent!y gave
basic data concerning low heat flows .on Pxe—Cambﬂan
shields.and correlation of these data- with the geneiation
of heat (Bi:cx 1963, jessop 1970, Lamsert; HelER
‘BT AL: 1968, HYNDMAN ET AL. 1968).

Though crystalline Pre-Cambrian shields c;m hé

egarded as the most steady, most consolidated and. rela-
tvely stable formations of the.garth’s crust, on the wholé

imost all of them have undergone considerable uplift

1 the course of their evolution. As a result of this
Aift ihe‘upm\ strata of the crust underwent consider-
fe crosion and thus the Pre:=Cambriant basement out-

:»pcd i this way the upper strata of the crust which
[ been the richestin radioactive elements underwent
sidevable deteriovation, This may account for low
ocontent of uramium, thorium, and potassium ‘ém;i.
conséquence, low heat flow in the region of antient

ds (Crang and Ringwoon 1964). Anquher expla-

n of low heat flows on the territory of shiélds made
RASKOVSRY in 1961, was based on the rdlativily

Soviet Geophysicat Commitice, Moscow, USSR.

gramme of the Upper Mantle

high heat conductivity of ancient cousolidated rocks
compdsing shield masses.

-Australian investigators, in conncction with the

“beginning of the National Upper Mantle Project, carried

out special praspectmg nng at rather shallow depths
(200 500 m). Everywhere. heat flow for the Ausiralian
shield is equal to 41.0 mW/m (0:98 HFU). Mtich ‘atien-
tion wag also attracted by the corrélation of the contents
af wraniuny, thorium and potassium, radidactive ¢le-
ments, with gcmhe:ma! parameters, aceording to depths
(HyMDMAN ET AL 1908, LAMBERT and HEIER 1968).
It becamne poss:ble to dvaw the conclusien that heat

‘How from the continental mantle inthe region of the

Austmhan shicld is 188 mW/m {0.45). (1 HYNUMAN BT
i 1968).

The muahgatmna of héat flow on the Canadian
shield, which had been carfied ‘out for ANy years
(BEck 1965, JEsSOp BT AL 1970) showed that the héat
flow field is mote stable here and, on the average, is

a little lower 2han on the Australian shield being 29,3
356 mW/m (0.70.0.85 HFU} There exist a¥59 very

low values 20.9.25.1 mW/m (0.5-0.6 HFU). At the

same-time on the lnézan sh‘e\d GUP'm ET-AL. (1970 a,

1970 b) showed that the lower heaL flow field on the.

whole is §ess stable than on all other shields.of the world

“and anomahes are located, where fieat flow valig is as

much as 60.7 mW/m® (145 HEU), on three widely

“sepavated regions of the Tndian shield,

Geology of the areas under dnvestigation

Qur iavestigations in connection ‘with the tasks of

the Upper Mantle Project were carvied out on the Kola.

peninsula of the Baltic 'shield. According 1o the pro-
Project,
was carried out on the Kofa peninsula toa much grenier
depth than on the Australian shield. OF speeial interest
is the Pechenga - stricture, Here, in wells down to the
depth of 1000-2000 1, comples investigations: of RARY
thermal, pumuhu"mw} and  geochemical, paramaters
were cairied out. Thickness. of the earth's grust in the

novth < eastern part of the Baltic shield is aboui 35

kmy, the top 7 km of” which- consisy mainly of ganamnw
(L ITVINENKO. 1960).

The Baltic shicld is onc of the Pre- C mbrian mas-
sifs which may be ¢lassed umongst those riised highesi

&l
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S, V. ~— Heat flow minp of the Kolo peiinsuli: 1) region of Archean félding: 2} mrrfgﬁ'nag of Pre-Cambrian foldings, 3) syneliines
of Pre-Cambrian foldings; 4) Ripheus folding; 5) Caledonian folding; 6} heat flow velues, in HFU. b

m tie earth,and thadks to this fact and also a$ a result Caledonian folding touched the Kola peninsula only

{ conlinuous denudation of the massil ever a great pe-
fod of time, from the end of the Proterozoic era titl the:

resent day, extremely deep paris <of this massif have
aterepped.

The Baliic shicld consists. of Archean formations;
aleozdic.rocks are known only on the shield margiis.

esozoic deposits are-absent, In the region of the Baltic

ield it is possible to distinguish not less than five &ro-
nic periods and thiee Wisconsin phases.of: glaciations:

je first orogenic: peried occured diring the middle of

¥ Archean, the seeond, on the boundavy of ‘the Ar
2an and the Proterozoig, the: third is; ealled Lappa-

relian, the fourth Caledenian and the fifth Hercynic.
The. most ancient. Tt:g}'ds aré Saamic, they are accom-

ried by huge intrusions-of three rock complexes (gab:

—amphilwiii& diorite, granite) and by metallization

eesses.on the- Kola peninsula.

At the edge. At that time different, fracturés appeared,

& strong ‘uplift had taken -place, whith was-stopped by

.& Pre-Cambriad promingnce 6f (he Russian platform.

_ alveady bee
along which gabbro-diabase and norite intyusigns have .
penetrated and by the central part of the Koli péninsula
basic rocks. have intruded (Moncha-Tundra). The KHhi-
bini Mounfains on the Kola peninsula arc associated
with' Hergynian f;diditjxg. This ig.one of the largest atkd-
line rock provinggs on the earth,

The Baltic s_h'ic::ld( underwent large-scale movements
only in the Quaternary when‘ithws\, covered threc times
entitély by ice dand before the begimiting of glaciation

Results of

I Fig.

. values of i
of measuri

used. Read:

out {emper,

for some -

taken undi

glaciation. Large-scale splits and sihkings ave assoviated cm in diany
with the énd of the Qualernaiy.
Liké the Baltic shield, the Ulgdinian shield is also

PECHENGA
™ Geoth

Unlike the Baltic shield, the Uksainian massil is o et carried oy
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tonic cleient of much smatler-size which undefwent
sinking-in different periods.
T6 the south-cast the Ukeainian massif joins the

Dnieper-Donetsk ch.pu,ssrcm a geosyncling region. Using:
data of heat flow obrained by profile measufemenis

along-the Ukrainian shield and the Donetsk deptession. it

is _posmbic'r@ caleulate the field of deep isotherms. and
“Correlate it with temperature madlmls according to the
‘results of “velocity meastivements of seismic Wwaves, Pre-

Cambrian shields ave convenignt a:rt_;:as for -evaluating
undisturbed heat flow’ friom the mantle.

The study of the heat flow was, carried out i 42

wells oni the Kofa peninsula, in thesareds of the Pecheriga

structure ‘on Archean gneiss outcraps, in the areas of‘

Manchegorsk -pluton: in Préterozoic pyvoxenites and in

the Khibini mountains, The Iocatlons of these regions,

aré sfiown in Figure 1,
A geolagical cross-section” of 'thé structute; drawn

accotding 1 geolomcal and seismic- data, ‘is available

up to the depth of 5.5 km of the whole column of Pe-
¢hénga. sefies, which mchadgas; digbases and intrusions

of gabbro-diabases and -ultrabasic. rocks. At the depth

of 55-7.0 km a for mation of Archean gneisses occurs,

‘and at the deptiy of 7 knv can be found alayer of basal-

tic rocks. .

According o this;cross section, the A yvand« B »
wells and « Ricolatva » well were cliosen. I the « An
and « B » wells gabbrac tocks and sedimentary mcks
weie found, and in the well « Ricolatva » Archean
meisses were found. Gores from these wells were
tudied by ‘complex physicg-chemical methods which
nclude the determination of theimal proper ties, density.

etrographical and chemical dnalyses of the rocks, as

ell as-the ¢valuation of the ednicentration and distribu-
on of uranium and pofassiuid in gabbroésrand gneisses.
Hesc measureménts were carried out by the track.meth-

, that is by registration ‘of U™ fission fracks. Below

*—gwc data only for the most impoitafit vegions where, -~

i Gur point of view, very deep diilling ‘was carrvied
‘. For the purpose of interpréidtion ‘we also use
vious datz from the Kola penmsula which have
sady been published (Lusimova 1969).

ults of gcutflei'ma,l investigations

Tn Pigure 1, all the previoys and vecent heat ftow

es of the Kold perinsula are shown. In the: pmccss

1casuting lemperatures, théimister L]ements werd
. Reading accuracy was, 4= 0.01°C, Before carrying

emperature mcasmamcnfu & slabaluauon of wells

yme months was provided for. Core- sqmples were:
undisturbed. as cylinders 10-20 cm hlgh and 3-6
- diameter.

NCA STRUCTURE AREA

‘ecthermal theasurements in the « A ». well Were

Uput to the depth of 1002 m (v¢ading along the

vértical line). The, well had begn out of work Tqr ahout
one year. In' the upper part the well crosses a sequence
of alternating phyllites, sandstones and diabascs; in the
middle part basic, voeks of gabbroic type arc found; in
the lower part periodites and pyroxeniles were obsctved.

‘Temperature profile, lithology and lemperature
gradienis for the welt « A » are shown, in Figure 2, Geo-
-thermal gmchent is 12.6°C/km in the interval of 158-
605 m, and then it betomes 12. 4“(2/ K.
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Thermal conductivity (X} was measuied in 8 phyl- _
lite and 14 gabbid ¢ore samples, of 15:20 cm leigth. In

phyllites, A varied in the range of -2.13:3.50 W/m"K
(5.08-8.35 % 10~ cal/em.sec"C). The arithmetic mean
gave 2.85 (6.80). In gabbro samples, A varied in the
range-of 2.28:2.75 W/m K (5:45-6.58); rean 2 is 2.58
(6.16). Heat flow in the phyilite formation comes. ut
to be 36.0 mW/m" (0:86 HFU), and in thg gabbro b

mation is 3.14-mW/m* (0.75). Mean wughlud heat {low

for the well '« A» is 33.5 +£ 2.1 mW/m® (0.80 £ 0.5
HEU).

In the « B » well (Figure 3) phylliles and sandsto-
nes ‘alternate with gabbivo-diabases up to the depth of
1023 m. Below diabases, gabbro-diabases. and pyroxe-
nites: eccur. The wéll had beent out of wark for 5

.months. Geothermal. giadient in the phyllite %5 11.5°C/

km and in ‘gabbrees it increases to 13.8"C/km,
Thermal condoctivity of 37 undisturbed core sam-

ples, each 15-20.cim irf length,-was measmed Tn phyllites

it varies in the: mnge of 2/43-3.84° \\"/’m"K {(5.51-9.18);
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in. gabbroes. in the range of 2.29-2.93 (5.46-6.89). The

mean . (arithmetic) for phyllites is 3.04 W/mK (7.27),

and for baggroes 2,62 W/m’K (6. 273, The: heat flow

for the well .« B » in phyllites is 35.2 mW/m” (0.84),in
gabb:oes 36.0 (0. 86) with a mean value of 35:6 + 3.3

(8.5 4 0.08 HFU). Combined with the prewously e

ported values in this region; the average heat flow “for
the: Pechenga region comes -out ¢ be 339 mW/m

(0.8148%) and with the correction for-the glaciation

38.1 mW/m* (0.91 iS%)

%

' MONCHEGORSK PEUTON

In the région of Monchegorsk (Figure 1) 6 wells
werk studied earlier to the-depth of 1000 m (LusimMovA
1969). They all wete situated in the tegion 6f Monche-

gorsk pluton, This i§ an intrusive body of basic and ul-

trabasic racks which arerunderlain by Archan gneissées.
Wells which were slud:ed carlier crossed pyroxehites,
peridotites and partly gabbro-norites. In Gite- of the new

wells abdut 20 rock samples weré studied for measur--

ing the heat conductivity. The well had been out of
work for about 4 months: [t crosses diorités ‘and biotites
which. alternate with biotite gncmscs, below 1129, m
‘there appear silicifiad gahbro-noritca, ‘milonite 1epla~
cement in gabbro-norite vocks, “Which dlternate with
gneisses.

34

Temperature, measurements weit carried out do-the

depth of 1425 m (along a virtical fine)y at the muximum
depth the Wmperature was 18.45"C. In the upper pan

of the well the temperatire increases with increasing
dépth, The gradient increases gradually from 3.0 to 10.0

"’C/l\m (howwc: in the.inferval of 397.3-417.0 m il

fricicases. shmpiy o as much as 23, 6"C/km). The real
causcs 16r such @ suddén increuse are not well under-
stood. In Table 1 geothiermal gradicnds, are givén.

TAm |, — Geom(.mmf madwm heat cmeciuu:w!_\, and heal

jiow mesured” in a well in the Monchegorsh pluton areti,.

Depth, m Gljad,icnt Mian heat Heut Tlow
MKW conductivity {mW/m~)
{W/m"k{} {ical/cmEsec)
{meal/cn scc®C) .
5957 77, 3 NEN 2:19 (5.24) 4.3 {(.58)
770.3-1129°8 13.0 2,50 (6:00) 327 {0:78)
1429.0:1259.2 12.4 2.658 {632 334 (0.79)
12592 13594 14.4 2.65-(6.32 %4 (hun
1395, 4-!422 2 116 322 (7.69) 37.3 {(0.89)
The cortection for temperature and préssure

amounts o fiot more than 1.5%: Maximum correction

for the velief in the area of the wells on the. Monchegorsk
pluton is 34%. The most considerable corréction réfers
to the glacmh@n effect, Tt @mounts to 10%.

After corrections -and consideration of the pre-
wousiy publishéd data, the.average value of the flow in
the Monchegorsk piulon area is 39.8 + 3.3 mW/m’
(0.85 4 0.08 HFU).

RICOLATYA AREA

Ricolatva muscovite rocks outerdp in the northern

-part:af the Ensk region, in the zone of Archean gneisscs

of the Belomorsk wmplm whicli ‘occupies the south:
western. part of the Kola pemnsula The Ricolatva well
had been out of work for 4 months and then tempera-
ture measurements were cartied out:

The maximum depth of medsurements is {128 m.
The temperature at this depth is 4+ 14.90°C. In Figure 4
a geological cross-section of the well and a temperaiure
curve are shown, The ggolhc:mal gradiem tn the upper
pant of the well is 12.8-12. B“C/km in the lower part it
gradually decreases. 1o 10.5-10.3°C/kim. Gradient and
heat flow walues for various linear intervals are given
in Table 2.

35 core samples, 10 em in Iéngth, were taken from:

the. well for studying their thernial plopuhc: The rocks
arg varielies ¢f gneiss and pegmatite.

The heat flow is caleulated for the whole well and
the méan-o ughtcd viilue is 289+ 2.5 (0.69 4 0.06
HFU) Aﬁu making: cm:culons_fm the glacintion L.”Cf_.h‘
the mean heat flow for thmﬂmﬁiam well is 31.404-2.50
{0.75 + 0. 06},
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FiG. -4 — Geolagica! and, ‘geothermal [ogs gl a we!! in the

Rmolmua reg:on 1} mordaine; 2%, garmel- b;ome gf:reas:,, 3y fwes
m:{.a gnem 4) biotite gneiss: '5) gieissic: ofthotimphibolite;
6y muiscavite: 7y plagiocidse. pegmaiiie, 8 plagiaciase-mi-
crofine pegmatile.

Tang 2. — Gcammm(a‘ gradrenf heat condudlivity and heat
fHow mmaured in a weh’ it the Ricolptva aree,

Depili, in Gradient Mean heat Heat How
OCikm -eonductivity (MW

(W/mfK)  (ieal/omiser)

{mcdl/cim séctCY

J00:170 1.7 2.64 (6.30) 31,0 (0.74)
170289 2.8 2.50 (597 3.8 (0.76)
313.5: 561.0 11.1 2:38 (5.69) i6.4 (0.63)
$61.0- 646.6 i3 238 '(5.68) 268 (0.64)
646.6- 7173 1177 2.51 (6,00 29.3 10.79)
777.7- 8970 1A 2 64 {6.30) 29.7 (0713
897.0.1070.1 102 2.52 (6.01) 25,5 (0:61)
107() 1-112808 105 240 (5.74) 2250 (0:60)

KoAsSHVA, KHIRINI MOUNTAINS |

The Khibini massil is Ui lavgesi polyphiase alkaling
in the ‘world. According io, the radiomelric
measuremenis the age of the: massil 1§ Post-Devonian
(290 £ 10 My). The massif is situated in the zone of
cdontact of Proterozojc rocks with Avchean Enejsses: The
masstf bottom is fmmd at the depth of 80 km. In-

.mcdstd stismicity, combtstible gas 3hows and. tapping

of underground thermal waters testify @ magmatic activ-
ity which may have continued up: to vecen} tmes.

From the hydrogedlogical paint of view, the region,,

is chavdcterized by strongly pronbunced water. divides

and ‘outcrdps of crystalline rocks.

{n all pa;ospc:.hng wells in the dlkaline rocks, which
are’ covered by glatial Quaternary deposits, fracture
cirtulating waters have. bgen féund to the depth of
400-600. m and .in $ome wells to thé- dcpih of 800 m,

In séme wells

m, urtites.

artesian waters werce found. The Koashva
well crosses juvites, ijolites and from the depth af 600
Heat flow meéasurements could be' carricd
out cmly it the depth below the underground water
disturbance level.

Tawg 3. — Gedthermyl gradients, hedt conductivily dnd heat

ﬂcw meamred in a well in the Koashva aréu.

Depthi, 'm Giadient Mcan heal Heat flow
°C/km condugtivity (mW/m-j
{W/mK) {neal/em®sce)
{mcal/cm sec™C)
540, 9. 997 3 252 214 {5.13) 540 {1.29),
097,3-1168.4 26.6 1.82 {4.35) 486 {1.16)

In Table 3 heat flow values are giver 'as mean
weighted dccording to' intervals, For' the whole depth
range (840.9-1168.4 i), the measured . heat flow is 51.1
+.3.6 MW /m? (1.22 £ 0.01 HFU). The intrusive body

‘ affect gives: a néative corfection of about 8:4-16.7
mW/m® (0.2:04 HFU).

KHIBINT MOUNTAINS

Urtites, ijolites and juvites were found in the well,
Tcmpexatu:e mt,asmememts “weld camed out to the
depth of 1219.1 m. Temperdture at this depih was
20.33°C (Figuie 5).
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" only fromi its lower part. Here the gradient s 22.3

At the depih of 494 m ihe gradient shaiply in-
creases. Al the depth of 530 m the temperaiure. gv adw.m{ly
increascs, the gradigit smoothes out to 2°C/100 m. To
calculate the heat flow it ts: possible to-use e lowu
part of the {emperature curve btgmmng with the depth
of 552 m. 15 cote samples were faken and studicd
from this part of the well. The mcks aré juvite, ijolile,
urtite. Heat conduetivity values of these rocks are very

low and in the range of (3.01-4.97) X 10~ cal/em set

"C. In Table 4 the geothernial gradient, heat conductiv-
ity and.hcat‘ flow are given.

TAoLE 4. — Geothermal gmchcnz freal conduc!m:fy aird ficat
How vieasured in o well in ihe ‘Khibini mouniains,
Depih, m Gradient Meain heat- Heat' fiow
0C/km conducnvxty (mW/m
: ‘ . (W/mK) {peal/cmisec)
(mca i/cin sec™C}
§520- 9250 207 170 (403 357 (084
ijolites, uriites.
923.0-1219:0- 29 166 (3:96) 38.1° (091}
juwtcs

Thé heat flow. is calculated for the whole well,
from the depth of 552 m. The -geotherimal gradient is
21.7°C/kin, The héat flow is-36.4-mW/m* (0.87). In &
second well in the KHibini miountains, data were: used

°C/km. In. thig'interval 4 core samples each 15 cm Jong
were taken and studied. "The mean’ valuu for A is
1 39 W/m?K (3.80). The heat flow is.356 4 3.3 mW/
m® (O 85 + 0.08).

‘Analysis of geothermal parareteis

For the tervitoty of thé Kola peninsula about 400
undestroyed core samples were studied. These-are.gneis-
ses, gabbroes, pyroxenites, phyllites, peridotites, etc..
Hystog:ams of heat condictivity :are shown in Figire 6.

Statistical analysis shows that the mean values
of heat conductivity coefficient ., their standard de-
viation ¢ and correlation coefficient Qip. of heat con-
ductivity A and density p are. the !’ollowmg

13 AF hLamgnuaSEE

3 = 349 W/m K (5.94) o= £0.64 3, = 0013
2} phyfhtg.h )
R =295 (7.08) 6= & 100
3)-gabhraes, didbases _
T =260 (624) g= 2037 oip = 038

-HEAT FLOW FROM THE CRUST.AND THE UPPER MANTLE

IN THE REGIONS OF THE PECHENGA STRUCTURE OF THE,

KokA pENINSULA

Accordmg to our néw. determinations the measured
heat flow in the region of thc Kola peninsula is less

- than 41.9 mW/m* (1.0 HFU), even with the corrections

for the cooling effect. 6f a three- phase glagiation. An

5
i

86

exception is the area of alkaline intrusions of Koaghva,
where the medsured heal flow is 51.0 mW/m® (122
HEL), and the expecled heating effect of an intrusive

body deleimines negative comectit of the ‘arder of

8:4-16.7 (0.2-0:4). Thé measurcd and corrected valucs
of the feat flow are shown jn Table 5. Correction to
heat conductivity {or temperature- and pressure effcels
does not -exceed 1:5%, since the temperatuie changes
take place along the well in 2 narrow rarige from |
%

50 ¢
wy
30 4

20:J 2

4 - - watt At
2.1 2.5 28 a3 EX :

4 — — _ Realsd 0 m see’e

5.0 & 7.0 8.0 -1 :

Fit. 6 — Fystogiim of heat eonifuctivily of 94 sumples jrom
the, wells stirdied in Zapolyeray. and Ricolatva areas, Solid

dine, gabbroes (2§ somples); long-dashed fine. gHiciss (47

wamples); shovi-dashed line, phyllite, sondstoné, tuffs (19
sr:m,:_)ie.g),

10 20™C, Tablé 5 shows that the heat flow. values, céi-

rected for glacmtmn and intrusion effects do not excéed”

41:0 mme (098 HFU) in the Kola. penmsula “This
result, obtained accordmg to datd from decpex wells,

'conrfnms previous data (LUBNOVA 1966} for the Kola

peninsula, Of great intérest in Pie-Cambrian shields are
data from an aréa of very deep drilling where an attempt
o theé complex Study of geothermal, petrochemical
parameters and hedi gencraticn ‘has been made. Resulis
obtained by ARSHAVSKAYA. ET AL (1972) dn uranium
microcontents in gabbroes samples stiow that the mean
uvaitium conteint in gabbroes is 04 x 10™° g/g {with
variation from 0.07 to 228 X 10~%). The spatial disiri-
Bution shows thal (rack ‘accumulation occurs at -the
border of pyroxenc grains or along fine fissures inside
pyroxene. and plaﬂmclasc grains. For the spatial deter-
minatiod of the uranium content in pneisses, track
accumulations were obtained, ‘which were confined to
apatite grains., Uranium congentrations in gheisses-aver-
agé 0.5 X 107 ¢/g, with variation from 0.1 to
1.6, x 107" g/g and they are near the uranivin content
in gabbaoes Thesé valugs are: less by an eider of lhc

mean uranium coiient in. acid igneous rocks and ihis

fact apparently i§ associated with mchm‘:cnphlsm effects,
These,-as a rulg, reduce radioactive cloment concenira-

tions in rocks. i
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Frg., 7.~ Deep sm!c.mrf, and seismic wives velocity in iy Ukiainian shietd m @ nogiheeasterly direction: Krivoi Rog - Danicper
'Do'uerq!l depression. fongmuhmt! N um’m'.rw vm’ucb, 2, presmued fauefts: 3 M’oh{)rumug .’wmm’mv
TANLE S. = Heat flow in the regionof the Kola peninsila. tribution of heat fiom the underlying manie. Tn Figure
Lal. Long.  Meisuicd ' 9 a summary of heat generation is shown; it is lo be
N (E) MWt cat” fit «atmbu{cd to the assumed modél of the crust structurg
(HFUY)  niW/m? (”FU) in the Pechénga region of -the Kola pcnmsu!a For the
sake of comparison in this Figuie the heat geneiation in
Pechengn : 1y S el T I
region the edtth’s crust of the Australian, Pre-Cambridin shicld
a) wall «A»  €9°25° 30950° 335420 373 (0.89)() aceording fo the data of HynomaN BT AL, (1968).i5 also
{0.80£0.05) given.
by well «Bs 69725 30050 56433 385 [0S E The Australian daig zu:,e;.ljased on gammasray spee
‘ . {0.85:0,08) tromefry. Such techniques for determining radio ele-
;\«;Dm;wgmm 68006 32953 356433 ) , ments concentrations have :l_}zpf'c}:\'i’ma‘l‘el y 10-45 per.cent
plutor ( 0:3:£008) "398 (0.95)() uncertanity, [t is probable that for vesy low icrocon-
Ricolatva 67930¢ 31 28.942.4 tents‘of uranivm in greensfone rocks, this uicertainty is
(0.69:£0.06) 327 (078} (). higher and, therefore, thé uranium content in Ausiralian
Koashva 67050¢  3350° 510436, o 10cks may have been overestimated. Special techniques,
g (1.22:6009 410 98D such as the neutron activation methed which has begn
Khibini 670407 33%40" 356433 N devised by 1. G. BERZINA and co-workers (1967) have
{3?'3»“”!'“"‘5 (0855008 402 (696)() a very high degreé of accuracy for the determination of

{), Probable ervor.
() After glacl'm{m corrections.
{*y After (opographic and glacmién ‘goriections:

{4 -Afier-applying gorreétion Tor ghm.mon wnd  intrusive
effect.
1

Because -of the. predominané® of greenstone - sérics
in the cross-sections of wells, the heat: flow from the
grust is very low, 84 mW/ni* (Q. 20 HFUW). On the
basis of this fact ii is possible fo conclude that the hcat
flow fram the: mantle is. 25:2:31.4 (0.60-0.75 HFU), i
our data of heat flow for ithe. Kola peninsiila may he
éonsidered as of equilibrium for this velatively stable
region of the carthls ciust. Pomb!y this result is an
éxception because it was-obtained In areas where green:

Stone series outcrdp. Strikingly, the. low heat flow con-

tribution by the continental crust of (lie Pre-Cambridn
shield, makes us Suppose ihe existence of éssential con-

Jow-uranium microcontents. This méthod aveids contam-
ination effeais.

From the above mentioned facts we conclude that
the values: for the. Iower wranium conicind in {he vocks
of the Kola peninsula, as deterniined by BrrziNa and
co-workery, are the more likely values Tor the surluce
rocks in such areas of the Pre.Cambeian shicld. This
nnmudaateiy contradicts the most important previously
held conclusion, which appeared quite siable, regarding
the. great contifbution to the surface heat flow from
the -crust of the Pre-Cambiian shiclds. More data and
also détermination of the Th conients on the  same

‘samples ate necessary tasubstantiate the vesults dhtained
and ihcu:forc our final conélusion awaits that wmk in
this duccnon

Based ow,the dbove mentioned data, érustal temper-
atures have been caldulated’ {or the Baltic shicld and
are shown in Figure 10. -7 :
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Comparison hetween geothermal data and seismic
waves velocity in- the Ukrainian shield

The comparison of the velogity -of séismic waves
and geotliermal data is of great irfievest. Thie Ukrainian
shigld has been siudied well swith the help of seismic,
gravimetvic and geotheymal methods: One of the pecu-
liarities is a layer.of Tow velocity at the duplh of 12:24
T with a value of 6,2 km/see (mea 7). Geothernia!

data show that the heat flow vares frani 0.8 1@ 14 in

the direetion of the sublatitudinal sectién across the
Ukrainian shicld and thé Daieper-Donétsk depression.
Isotherms talculated according to the-heat. conductivity
equation and field data. are shown in Figme 8, For
comparison of the temperaturg gradient values calcu-

lated according to scisinic and pédthermal data, the

following equation was used

A4V, ." dp”
(dﬂ)r P

Ky .
Wt
s0 |
108 ,{
i
1
se L
u [m
FiG. § — Gemwrhemts froin “heat flow ddia a!ong ifié cross:

section of Frgure 7, ‘bosed on the' sohutign of The heat
condumwry equatioits (fy, V. K. VLasov using a- compmer)

AW =2

X8

Heat' genarouon,

m

3

bepth 10

Fig. 9. — Feat generation fronr-depth dita bosed on the U,
Th, K miceocamicins. A) on tha Kola peninsuld;, BY on. ihe
Ausfrcmau shield.
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Fic. {0. — Crugial remperatinds calealated for the Batiie skicld.

where V, is. the. velocity of the Tongitudinial seismic,

waves, p the piessuve, 7 the l‘émpeya,turex

o antl § are experinicntal Lonslanls for &-granilic » and

& basaltic » layers. In our calculations we used:

o= 1.0 % 107" km/sce bar : _
=10x kin/sce. bar % for « granitic-» fayer

a= 12 % 10" kin/sec bar
B =:2.0 X 107" km/sec "C

'

for «basaltic » layer

The results ¢f ihe cak.ulaii’éﬁ' are given in Table 6.
According to; equation, {3) the critical température gra-
dient was, calculated and wiil this gradient a layer of
very low velocity ‘might exist

a7 . dp @Viwr ] _ ( dT) -
dz - dz { VT, ] C\ dz cr!’i.'ts")‘

a7 : g
( dz ,)cm,'t_ was' caleuldted equal to. —13°C/ kni inside
the « granitic » layer and —15.6"C/km inside the « bas-
altic » layer.

Table 6, it is possible’to conclude that there is 4 discrep-
ancy between the thermal model and the seisniic data
'pertaining. to the low velocity layer,

Tn other woids, the exisienice of @ wave conductive
Yayér in the-crust:of the Ukyainian shicld appears doubt-
ful'from a thermal point of view:

Conclusion

The r@sﬁﬁsi’“@‘f;. this work net only ence mote

confinm the low values of the heaf slow in the reglon

of the Pre-Canibrian shiclds actording to the data ob-

Having made a comparison with the:
cotresponding temperature gradients in column 3 of
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' TABLE 6. — Low velocity layer. Temperature gradient calculated according to DSS data and comparison of them with temperature
gradients obtained by solving a thermal model.
50 km 100 km 150 kin 200 km 250 km
E Ny SE NE No SE NE - No DE NE - N9 SE MNE - Mo BE ME
Eg @ S Pz E S5 I8 T8 E S8 Ix2 TJE £ e L 2L OE 8 TS oz
0 v SN N~ 3 d LRy N > i VN, NN - ~ w O . L 0 Ly ~
OB 59 B9 N AR 59 B9 W R 59 59 W 3% 59 59 v 3% go &9
0.63 0.6 49 19 0.5 0.2 56 19 © 125 008 27 22
2.5 0.11 42 17 1.87  0.15 33 18 375 008 27 2 50 026 65 36 687 020 6O 33
7.5 0.04 7 153 625 0.04 7 16 10.60 003 2 8 100 046 53 24 119 046 53 24
1125 005 13 13 10.0 0.05 13 13 16.25 0.03 2 15 16.8  0.03 2 16 144 008 27 20
150 —0.05 —33 11 150 ~—004 —27 13 275 003 10 4 21.8  0.04 7 12 175 0406 17 i6
200 —0WS =33 10 200 —0.04 -2 11 337 006 23 2 250 0.06 17 10 212 005 13 14
- 225 .—0.05 —33 S 22,5 —0.04 —27 9 37.5 0.1 47 1.5 287 0.1 40 3 250 0.t 42 12
bt 275 0.12 41 3 26.2 0.16 60 3 437 0056 23 1.1 325 0.1 40 2 300 008 27 8
30.0 0.16 60 2 31.2 0.08 33 2 500 006 23 2 36.2 0.1 40 1 344 009 29 2
3375  0.i1 45 i 33.7 0.16 60 2 41.8 007 21 1 437 Q.04 4 i
356 0.21 50 06 395 0.07 28 0.2 48.7 006 1S 2 468 0.12 30 3
38.7 0.13 42 12 425 0.13 43 2.2

-

Te experimental data (from seismic data)

tained from deep wells but also have led to some new
interpretations associated with some general problems
of the earth’s crust structure and evolution. Among them
there are: 1) Evaluation of separate contributions to
the heat flow from the crust and continental mantle in
the region of the Kola peninsula, Baltic shield. 2) Com-
parison of gcothermal gradients inside the earth’s crust
of the Ukrainian shield foreseen on the basis -of the
thermal conductivity theory and the observed heat flow.

The results of the most accurate method (in
our opinion) of determining uranium - microcontents
(« track » method) in gabbro samples, taken from great
depth, led to recognize a surprisingly low heat flow
from the earth’s crust of 8.4 mW/m* (0.20 HFU) in
the greenstone area while the principal contribution
comes from the underlying mantle and is equal to about
25.1-31.4 mW/m* (0.60-0.75). The latter figure is condi-
tioned by the glaciaiion effect correction. Not long ago
Beck (1965) stimulated an interest in this effect. And
really a number of new investigations of glaciation
causes makes us revise its essential influence upon
variations of heat llow at time intervals. [t must be
nolted that the cause of gluciation in high latitudes can
be associated with nutation cffeet of the carth's rota-
tion, which leads to a redistribution of the sun’s encrgy.
Nutation effect prevails at high latitudes and it is insig-
nificant in lower ones (BROEKER, WALLACE 1966).

It is supposed that the principal events in the
transition periode lrom the glacial epoch to the inter--
glacial and again (o the glacial, were caused by the
biggest insolation peaks. The hypothesis about synchro-
nism of climate variations and astronomic clfects per-
mits us 10 associatc variations of heat flow conditioned
by glaciation with variations of astronomic patameters
of the ecarth’s rotation. The calculation of geothermal
gradients foreseen according to the seismic wave velo-
city in the Ukrainian shicld showed that gecothermal data
do not confirm the supposition regarding the existence

of a seismic wave conductor layer with a Jow longitudi-

nal wave velocity of 6.2 km/sec at the level of the
Conrad discontinuity.

Therefore a comparison of the heat flow values
and the generation of energy by uranium, thorium and
potassium in the Pre-Cambrian areas of the USSR shows
that the heat flow from the upper mantle is rather high,
about 25-30 mW/m* (0.60-0.75 HFU). According to
this preliminary data a high gcothermal energy potential
should exist in those arcas.
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