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ABSTRACT

Problems Statement and Purpose. Northern Tanzania Volcanic terrain has been a subject of evaluation for geothermal potential
in the last four decades. The region is characterized by Neogene to Recent volcanic and tectonic activities. This preliminary study based
on remote sensing, water chemistry, gravity data, geological structures and volcanic centers distribution reports the geothermal mani-
festations identified and discusses the implications on geothermal fluid pathways. Oxygen-hydrogen isotope data from water samples
indicate that there were involved in the hydrothermal system.

Tectono-Volcanic Structures. The Northern Tanzania Divergence (NTD) area characterized by Neogene to Recent volcanic and
tectonic activities. Recent volcanic and tectonic activities are ash cone and lava dome eruption at the floor of Meru crater a century
ago, dyke intrusion and volcanic eruption south of Gelai volcano, and Oldoinyo-Lengai volcano, respectively. Fumarolic activities and
hot springs are dominant in a relatively young volcanic area to the north-eastern and northern part of the NTD.

Data and Methods. Shuttle Radar Topography Mission (SRTM), Landsat 8 Operational Land Imager (OLI) image, water isotope
analysis and gravity data were used to extract and analyze the surface and subsurface geological lineaments and map the hydrothermal
alteration zones in the study area. The hydrothermal alteration is used to evaluate and identify the permeable structures. Analysis and
interpretation of the length and trends of extracted lineaments were used to investigate the tectonic evolution. Geological map of a
study area was digitized from the existing geological maps and the age of rocks to delineate volcanic activity and associated lineaments
based on the age of the lithological domain. Digital image processing was applied to enhance the visual interpretation. Gravity data
were used to give insight into the subsurface structure in the study area.

Results and Discussion. The higher § '®0 values and large deviation from meteoric water lines suggest that is due to the inter-
action of fluids with host rocks at elevated temperatures. These are consistent with open structures that act as conduits for fluid flow.
The potential field gravity data reveal a basin-like structure trending in the NNW direction. The gravity data show that the basement
units gradually deepen towards the central part and that it is controlled by two main fault systems that trend N-S and NW-SE respec-
tively. The gravity data presented here provides new constraints on the tectonic evolution and geothermal resources of the study area.

Keywords: Remote sensing, gravity, geothermal, Tanzania, Structures, Isotope.
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1. Introduction
Located in the northern part of Tanzania, the

1980; Nzaro, 1970).
Remote sensing data with a combination of geo-

study area is characterized by numerous hot springs,
fumaroles and Neogene to recent volcanic and tec-
tonic activities. The area presents the potential for ge-
othermal resources and has been a subject of several
volcanic and geothermal-oriented researches (Fairhead,

physical data has been applied over a number of ap-
plications in geoscience studies (Calvin et al., 2015).
The applications range from mineral and geothermal
exploration to volcanic activity monitoring. In geo-
thermal exploration and volcanologic studies, remote
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sensing data are widely used for mapping the geolog-
ical structures, volcanic eruptive center distribution,
thermal anomaly or surface temperature distribution,
and hydrothermal alterations (Mia and Fujimitsu,
2013; Calvin et al., 2015; Ulusoy, 2016). On the other
side, gravity data is widely used to study the geolog-
ical structures and subsurface features in various ge-
ological and tectonic settings (Rymer and Brown,
1986; Simiyu and Keller, 1997).

In this study, Shuttle Radar Topography Mission
(SRTM), satellite imagery data acquired from Oper-
ational Land Imager (OLI), water isotope analysis
and gravity data are used to image surface and sub-
surface geological lineaments and map the hydrother-
mal alteration in the Northern Tanzania Volcanic
area, with the aim of evaluating the geothermal re-
sources and fluid pathways.

Three dominant structural trends (N-S, NW-SE
and NE-SW) were recognized in the study area re-
flecting the tectonic setting of the Northern Tanzania
Divergence (NTD). The gravity data show a deep
graben structure in the central part of the study area.
The different maxima of the horizontal gradient data
indicate the existence of horst and graben blocks
within the basin. The water isotopic analysis suggests
that it has interacted with rocks at elevated tempera-
tures before being discharged through permeable
structures. The results provide constraints to the
structure and tectonic history of the study area and an
insight into the potential of future geothermal explo-
ration in the North Tanzania Volcanic area.

2. Approach and Material

The hydrothermal alteration is used to evaluate
and identify the permeable structures extracted from
SRTM data (Mshiu et al., 2015). Statistical analysis
of lineament length and trends based on the age of the
geological formations provides useful information
about the tectonic evolution of the area of interest
(Saadi and Watanabe, 2008). Principal Component
Analysis (PCA) and color normalization transfor-
mation (Chavez et al., 1991) were used to evaluate
their efficiency in improving the visual interpretation
and identifying the hydrothermal alterations in this
study.

Gravity data provides a general overview of the
subsurface structure in the area of interest (Bilim,
2007). A horizontal gradient (HG) filter is applied to
the gravity data to locate the edges of the geological
structure (Pilkington, 2007).

A total of nine (9) water samples from hot
spring, surface and lake water were collected from
the study area for isotope analysis to identify the
origin of water and how water interacts in subsurface
conditions.

3. Geological Setting

The Great Rift of East Africa is an approxi-
mately N-S trending structure extending from the

Gulf of Aden, NE Africa to Mozambique, SE Africa
(Fig. 1). It is comprised of two branches; the eastern
arm which is referred as "Gregory Rift" and the west-
ern arm referred as "Albertine Rift". Gregory Rift ex-
tends from the Gulf of Eden through Ethiopia and
Kenya to northern Tanzania where the Rift seems to
be widening from approximately 50 km in southern
Kenya to approximately 200 km wide splitting into
three differently oriented branches; the Natron—Man-
yara, the Eyasi—-Wembere and the Pangani rifts
(Mollel et al., 2008). The NE - SW trending tilted
fault blocks, south of Lake Natron, is referred to as
Eyasi-Wembere Rift, NNE-SSW trending Manyara
Rift and NNW - SSE trending Pangani fault system,
south of roughly E-W volcanic chain of Essimingor
— Kilimanjaro (Fig. 2); this split is referred as North-
ern Tanzania Divergence (Le Gall et al., 2008). The
rift then continues to central Tanzania Archean Cra-
ton, at this point the rift is not as continuous as north
of NTD. It extends further south to the triple junction
intersecting with the Albertine Rift.

The structure of this elongated N-S rift is domi-
nated by Ethiopian and Kenya domal uplift which ge-
ological studies and geochronological examinations
have shown to have developed simultaneously with
the rift system during Cenozoic faulting and volcan-
ism (Fairhead, 1976).

The Neogene volcanic province of NTD is rec-
ognized to be younger than the volcanic provinces in
Kenya and Ethiopia where magmatism commenced
around 40 Ma (Baker et al., 1972; Dawson, 2008)
suggesting mantle uprising is liable for intra-plate
magmatism and crustal fracturing in this province
(Dawson, 2008). The province is underlain by the
Precambrian basement and bordered by Precambrian
metamorphic rocks to the east and Archean craton
rocks of central and northern Tanzania to the west.
The province is dominated by Pliocene to recent vol-
canic and tectonic activities.

Previous geological studies confirmed that the
major rift faulting episodes in northern Tanzania are
around 2.1 Ma and 1.2 Ma (Wilkinson et al., 1986).
It was also suggested that the existing rift escarp-
ments progressed later than ¢. 1.2 Ma and major fault
escarpments prevailed by c. 3 Ma (Foster et al.,
1997).

Chronological studies indicated that the volca-
noes of Essimingor, Oldoinyo Sambu, Ngorongoro,
Monduli and Tarosero emerged between 4.8 - 2.01
Ma; then followed by the eruption of Ketumbeine,
Gelai and Burko volcanoes (Fig. 5) and by effusion
of trachy-basalt lavas between 1.5 - 0.6 Ma (Dawson,
2008; Mollel et al., 2008; Mana et al., 2015). The
youngest volcanoes are Kerimasi, Kilimanjaro,
Meru, and Oldoinyo Lengai which developed in 1 Ma
(Wilkinson et al., 1986; Mana et al., 2015). The rock
type of the volcanoes in the region is diverse varying
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Fig. 1. Tectonic map of East Africa showing major faults, Tertiary to Recent volcanic and geothermal fields (after
Dawson, 2008). Aluto Langano geothermal field with 8 MWe power plant (1), Menengai geothermal field (2)
and Olkaria geothermal field (3), the largest geothermal field in Africa with installed capacity > 600 Mwe
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Fig. 2. The tectonic and general geology of Northern Tanzania.
Note the geothermal activities become more diffuse in the basement area south of the volcanic region,
occurring in the form of warm springs (modified from Le Galle et al, 2008)
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from basalt-trachyte-phonolite to nephelinite-phono-
lite associations (Fairhead, 1980; Dawson, 2008).

4. Data Processing

4.1 Remote sensing data

Satellite imagery and Digital Elevation Model
(DEM) from the United States Geological Survey
(USGS) are used in this work. The DEM derived
from SRTM and Landsat imagery derived from OLI
data (path 168/Row 062 and path 169/Row 062 ac-
quired on October 13,2016, and September 23, 2017,
respectively). The spatial resolutions of the data sets
are 3-arc seconds (approximately 90 m) and 30 m
pixel resolution for SRTM and Landsat 8 respec-
tively. These data sets are used to extract geologic lin-
eaments, hydrothermal alterations and map the vol-
canic and tectonic landforms for the study area. The
Landsat 8 band combinations were selected follow-
ing initial experiments concerning the suitability of
various band combinations to enhance the visual ap-
pearance and visual interpretation of geological line-
aments (Saadi and Watanabe, 2008). The selected
combinations have the advantage of preserving mor-
phological features as well as displaying different
lithological units in various colors because bands
within the VNIR and SWIR portions of the electro-
magnetic spectrum were used (Sabins, 1997; Ab-
delsalam et al., 2000). Band 8 of Landsat 8 imagery
(15 m) is used to enhance visual inspection of linea-
ment extraction on SRTM data using Intensity-Hue-
Saturation (IHS) Pan-sharpening (Mitchell, 2010).

Different azimuths of the sun are used to en-
hance and improve the image for visual interpreta-
tion. The sun angle used is 60° while sun azimuth var-
ied from 45° to 315° to accommodate all possible
trends of the lineaments under investigation.

Slope angle map of SRTM was used to recog-
nize geological lineaments, volcanic centers, and
cones in the study area (Fig. 3).

All lineaments and landforms observed within
the shaded relief maps are manually mapped through
on-screen digitization. The manual extraction criteria
for lineaments and visual interpretation are based on
image characteristics (tone and texture), lithological
boundaries (rock units) and geomorphologic features
(drainage patterns). Volcanic centers and their spatial
distribution are mapped based on their circular shape
and elevation above the immediate surrounding area
specifically within the volcanic area. Hutchison et al.
(2015) argued that the distribution and orientation of
vents or craters can be used to assess the geometry of
feeder dikes and eventually evaluate the structural
controls on magma pathways.

The lineaments extracted from remote sensing
data are aligned predominantly in the N-S direction,
while the NW-SE and NE-SW trends are subordinate
(Fig. 4). The extracted lineaments were divided into
three groups based on age of the geological forma-

tions. Three formations were cut by the extracted lin-
eaments; Precambrian, Plio-Early Pleistocene and
Middle-Late Pleistocene (Fig. 5). Rose diagrams
(Fig. 6) depict the distribution and orientations of lin-
eaments on the three geological formations.

PCA (Fig. 7) and Directed Principle Component
Analysis (DPCA) (Fig. 8) are applied to map the pos-
sible alteration patterns (Loughlin, 1991; Ali and
Pour, 2014). DPCA (Pour et al., 2013) of four band
ratios; 5/4 representing vegetation index, 4/2 for fer-
ric iron oxide index, 6/5 for ferrous oxide index and
6/7 for hydroxyl/clay index (band ratio equivalent for
OLI bands) has been applied to reduce the effects of
vegetation in identifying the hydrothermal altera-
tions. The principal component (PC) image combina-
tion of PC2:PC3:PC4 in RGB is used to discriminate
different surface alterations, whereby PC2, PC3 and
PC4 represent the transformation of band ratios of
4/2, 6/5 and 6/7 respectively. This allows detailed
spectral characterization of surface targets, particu-
larly of those belonging to the groups of minerals
with diagnostic spectral features in this wavelength
range. Pan sharpening of the resultant PC image was
applied using band 8 of Landsat 8. Surface alteration
is a result of fluid-rock interaction which indicates
the fluid pathways, which can be used to map perme-
ability. The importance of alterations is to identify the
permeable zone on which hydrothermal fluid perme-
ated to interact with the host rock.

4.2 Gravity data

The data was obtained from Sandwell and Smith
(2009), and Sandwell et al., (2013, 2014) and used to
delineate the possible subsurface structures in rela-
tion to the ones delineated from SRTM and satellite
imagery (https://topex.ucsd.edu/cgi-bin/get data.cgi).
This data is corrected and ready to be used for inter-
pretation and modelling (Sandwell and Smith (2009),
Sandwell et al., 2013, 2014). Gravity map values
range from -87 to 146 mGal (Fig. 9). The study area
shows a basin-like structure, located in the central
part of the area (blue anomalies). The volcanoes (pink
anomalies) are located inside the basin and towards
the edges. A profile was selected (AA’) crossing the
basin and some volcanoes to show the 2D structure
(Fig. 10). Horizontal gradient analysis is used to en-
hance and sharpen the geological edges (Fig. 11). The
horizontal gradient method has been used intensively
to locate boundaries of density contrast from gravity
or magnetic data (Ma et al., 2006; Bilim, 2007). It can
be estimated from:

HG = \/Hx? + Hy? (1
Where Hx and Hy are the derivatives in the x

and y directions, respectively (Philips, et al., 2007).
Trends can be traced well, taking various direc-

tions (N-S, NE-SW, and E-W). The basin-like struc-
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Fig. 3. Slope angle map of SRTM highlights geological lineaments (white line), volcanic centers,
and cones (white spots) south East of Meru and South of Gelai Volcano
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Fig. 6. The rose diagrams of the extracted lineaments based on the underlying age of the lithological domain.
(a) Precambrian lineaments domain show the NE-SW trend which is considered to be pre-rift deformation,
(b) represents the Plio-Early Pleistocene age which is predominantly N-S, during early magmatism and
rifting episodes in northern Tanzania, and (c) Middle- Late Pleistocene age is dominated by the NW-SE
structural trend and represents youngest volcanic and tectonic activity
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used to mark the proximate boundaries of a dominant lithological domain in black color line and graben
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M= Precambrian Metamorphic; NV=Neogene Volcanic; LN=Lake Natron; LM= Lake Manyara
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are represented as RGB (PC2:PC3:PC4) overlaid by geologic structures. Ferric oxides dominate
the volcanic area probably due to weathering of iron-bearing minerals in mafic volcanic rocks
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ture extracted from the gravity map (Fig. 11) trending
in NNW-SSE direction in the northern part and NE-
SW in the southern part is well-matched with the
SRTM slope angle map (Fig. 3). Notably, some
anomalies have a circular shape and others have elon-
gated shapes which indicate various structural fea-
tures in the study area.

To get a more quantitative representation of the
subsurface structure of the study area, a 2D gravity
model was constructed along the NW-SE profile. The
gravity model along the profile AA’ is about 176 km
long. The Analytic Signal (AS) method was used to
calculate the depth to the basement on profile. This
method is designed to be applied to magnetic data.
When using gravity data, the vertical derivative of
gravity is applied (Phillips, 1997; Nabighian, 1972,
1974). The basement is estimated at a depth of about
4 km in the central part to about 2 km east and west.
This reflects the basement relief underneath the vol-
canic area.

4.3 Water Chemistry

Oxygen and hydrogen stable isotopic composi-
tion are used to identify the origin of the water. A total
of nine (9) water samples from the study area and two
(2) samples from the Olkaria geothermal field (Table
1). The fieldwork was conducted between 7" and 13

September 2017. Samples were analyzed using Lig-
uid Water Isotope Analyzer (IWA-35/45EP) in Kyu-
shu University Lab. SMOW (Standard Meteoric
Ocean Water) and 11 water samples were set and
measured 24 times for each. As the principal, this an-
alyzer emits the laser to the samples and then, the iso-
topic composition is determined by comparing the in-
tensity of the laser passing through samples and the
original intensity of the laser. In the process of re-
moving largely deviated data as outliers, Smirnov-
Grubbs verification was applied. This verification as-
sumes that the results measured 24 times for each
sample are distributed normally. The results with low
significance levels were removed. The first step of
this verification is to calculate a formula (1).

[x-ave|/dev 2)

X (%0): most deviated o value from average in 24
values;

ave (%o): average value of 24 values;

dev: standard deviation of 24 values.

If the result of equation (2) is more than
Smirnov-Grubbs constant, x should be removed. Af-
ter removing the value, the average and deviation
have to be recalculated, and the same process will be
perfumed in 23 samples. When the value of equation

P
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Fig. 9. Bouguer gravity map for the study area, high positive anomaly highlighted
the volcanic features and low negative anomaly reflects a major structural trend N-S orientation.
Volcanic features seem to be rooted in this major structural trend in a roughly N-S direction.
Data source (https://topex.ucsd.edu/cgi-bin/get data.cgi)
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remote sensing. Circles show borders of volcanic fields and thick black lines show the predicted structures.
The circle on the top right corner is a Longido mountain, the circular shape and sharpness, suggest that it
may be formed as a result of the magmatic intrusion

-36 -



ISSN 2410-7360 BicHuk XapKiecbk020 HauioHanbH020 yHieepcumemy imeHi B.H. KapasiHa

(2) is less than Smirnov-Grubbs's constant, then the
result is regarded as liable. 3D and & '*O values were
calculated using the formulae (3) and (4):

3D (%o) = [(D/H) sample/(D/H) SMOW-1]/x1000

3)
820 (%o) = [(**0O/ '°O) sample/
(180/ 150) SMOW-1] x1000 @)

A number of selected volcano-related geother-
mal fields and the onset age of magmatism which
contributed to the geothermal system development
are hereby revisited.

5. Discussion

NTD is a tectono-volcanic area characterized by
Neogene to Recent volcanic and tectonic activities.

Recent volcanic and tectonic activities are ash cone
and lava dome eruption at the floor of Meru crater a
century ago (Wilkinson et al., 1986), dyke intrusion
and volcanic eruption south of Gelai volcano, and
Oldoinyo-Lengai volcano, respectively (Albaric et
al., 2010; Himematsu and Furuya, 2015). Fumarolic
activities and hot springs are dominant in a relatively
young volcanic area to the north-eastern and northern
part (Kilimanjaro, Meru and Oldoinyo-Lengai) of the
NTD. The regional geology map of a study area (Fig.
5) was digitized from the existing geological maps
and the age of rocks (Wilkinson et al., 1986; Dawson,
1992; Mana et al., 2015) to delineate volcanic activity
and associated lineaments based on the age of the
lithological domain. Three dominant structural trends

Table 1
Water samples information
ID Location Type Altitude (m) | pH Temperature
Aru-Gl1 Meru Area Groundwater 1448 9.65 23.9
Aru-L2 Meru Area (Small Momella) | Lake water 1444 9.68 22.8
Aru-L3 Meru Area (Tulusia) Lake water 1441 10.1 25.8
Nat-H1 Lake Natron Hot spring 602 9.76 48.3
Nat-H2 Lake Natron Hot spring 602 9.77 50.8
Nat-H3 Lake Natron Hot spring 601 9.77 50.1
Nat-H4 Lake Natron Hot spring 605 9.77 45.6
Nat-H5 Lake Natron Hot spring 608 9.75 49.7
Nat-H6 Lake Natron Warm spring 605 9.74 31.7
Olk-H1 Olkaria area Thermal water 2065 12% 71.7
Olk-H2 Olkaria area Thermal water 2065 11* 79.5

*refers to quick measurement.

in the study area which reflect the tectonic setting of
the NTD are identified, N-S, NW-SE and NE-SW
(Fig. 4). Based on lithological domains; the NE -SW
trending geological lineaments are dominant on the
Precambrian rocks. The N-S and NW-SE structures
are dominant and associated with Plio-Early Pleisto-
cene and Middle-Late Pleistocene lithological do-
mains, respectively. Mana et al. (2015) suggested that
the Natron and Manyara Rift basin structures show
north to south younging direction. On the other hand,
early magmatism started in the southwestern area of
the NTD and progressed towards the northern and
eastern parts of the NTD.

Comparing NTD with other existing volcanic
hosted geothermal fields, Rosenberg (2017) sug-
gested that magmatism beneath the Wairakei geother-
mal field might have reinforced the development of a
geothermal system during the past 0.3 Ma. At the
Hengill-Hellisheidi geothermal field, the high-tem-
perature geothermal system is associated with an age
limit of about 0.4 Ma (Franzson et al., 2005).

Furthermore, more than 200 volcanoes extend-

ing SW-NE in the active tectono-volcanic zone of
Iceland aged (< 0.8 Ma) host high-temperature geo-
thermal fields (Bjornsson, 2010). The volcanic activ-
ity at Menengai caldera, which hosts the geothermal
field, is suggested to have started at 0.18 Ma (Leat,
1991). Very young volcanoes may not have the po-
tential for sustainable geothermal resources due to
the immaturity of a cap and possible heat exchange
system which may support the heat storage.

Kerimasi, Gelai, Kilimanjaro, Meru, and
Oldoinyo-Lengai volcanoes have been developed
during the last ~1 Ma (Wilkinson et al., 1986; Mana
et al., 2015). While Kerimasi, Gelai and Oldoinyo-
Lengai volcanoes are accommodated in the N-S
structural corridor, Meru volcano lies in the approxi-
mate location of intersection between the NW- SE
and N-S structures, delineated from remote sensing,
and the E-W structure delineated, from the gravity
data (Fig. 9 and Fig. 11).

Ebinger et al. (2017) noted that pressurized
magma chambers exist beneath Natron — Manyara
zones, such as Oldoinyo-Lengai, Naibor Saito mono-
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genetic cones complex, south of Gelai volcano and
sill complex between Gelai volcano and Oldoinyo-
Lengai. Furthermore, they argued that zones of seis-
micity beneath the Naibor Saito monogenetic cones
may be a reflection of the presence of sills or to have
been produced by hot, gas-rich magmatic fluids from
the lower magma chamber. This is still an active sys-
tem which continues to replenish this ~1Ma volcanic
complex.

Lineaments deduced from gravity data highlight
the existence of an E-W interesting ‘hidden structure’
(Essimingor — Meru volcanic chain). The trend of the
NW-SE structures north of the volcanic chain could
explain the onset of the development of ‘transform
fault’ (Fairhead, 1980). South of roughly E-W trend-
ing volcanic chains of Essimingor — Meru chain, the
geothermal and volcanic activity becomes more dif-
fused. However, the Manyara Rift segment, on the
western border fault, along the shore of the lake,
which runs from the Magadi-Natron basin, hosts the
hottest hot spring in the region about 70.8° C. It em-
anates from the basement rocks (Nzaro, 1970).

Slope modelling of SRTM data highlights major
faults, major volcanoes and substantial presumed
scoria/parasitic cones southeast of Meru volcano and
the Naibor-saito monogenetic cone complex that is
located south of Gelai volcano (Ebinger et al., 2017).
Craters and calderas are well demarcated on the slope
angle map (Fig. 3).

The dominant trend delineated from remote
sensing is in line with the dominant low gravity
anomaly running N-S, which has been interpreted as
a subsurface structure and continuation of the East
Africa Rift (Fig. 9). The horizontal gradient map (Fig.
11) shows the persistence of N-S structures and the
roughly E-W subordinate structures associated with
the extracted lineaments.

The gravity cross section running NW-SE (Fig.
10) depicts the low negative anomaly bodies in the
lake Natron which may represent a deep structure
possibly buried graben and probably altered zone
with surficial alteration depicted on Landsat image
(Fig. 8). The high positive anomaly coincides with
Ketumbeine and Meru volcano and likely represents
magmatic bodies. The low anomaly east of Meru vol-
cano may represent a graben or an altered zone de-
picted on lineament extraction and PCA, RGB map
of PC1, PC2 and PC3 (Fig. 7). Fairhead (1980) esti-
mated the depth of volcanic and sedimentary pile to
be 800 m at the Lembelos Graben NW of Meru, and
depth to the basement to be around 1 km.

Patches of alteration deduced from the Landsat
image display a dominant N-S orientation (Fig. 8)
that coincides with the trends of lineaments. The hy-
droxyl (clay?) bearing alteration NW of Lake Man-
yara is bounded with N-S faults. The same alteration
exhibits an N-S trend NE of Meru volcano south of

Oldoinyo-Lengai at the peak of Gelai volcano. Car-
bonates are seen at the peak of Oldoinyo-Lengai, de-
fining an N-S orientation west of Lake Natron, attest-
ing to them being structural controlled. Noteworthy
is the presence of numerous hot springs within this
area. Ferrous iron oxides exhibit preferential N-S and
E-W orientation within the volcanic region which is
not seen within the Precambrian metamorphic area.
This suggests that the structures acted as "hydrother-
mal fluid pathways" that allowed fluid-rock interac-
tion and eventual alteration of the host rocks. The
iron oxide that dominates the volcanic region is prob-
ably a result of weathering of iron-bearing minerals
from the mafic rocks.

The alteration zones observed during the field-
work (Fig. 12) are located on WNW and ENE of the
internal wall of the resurgent ash cone at the floor of
Meru crater. They are characterized by acidic altera-
tion in the form of grains of native sulphur observed
during the fieldwork. This observation suggests that
the structures trending NW- SE (west of Meru, Lem-
belos graben) extend beyond the Meru central crater
and facilitate fluid flow well beyond its boundaries.

Based on the structural analysis, the orientation
of volcanic centers and thermal manifestation in the
study area we suggest that the N-S and NW - SE
trending regional structures are responsible for the
hydrothermal fluid flow and present potential target
areas for further investigation for geothermal explo-
ration.

In the Meru volcanic area, lake water samples
(Aru-L2 and Aru-L3) largely deviated from WMWL
(World Meteoric water line) and CARL (Continental
Africa Rainwater Line) as well as having higher 8D
and & '*O values (Fig. 13).

The higher 8D or & 'O values can result from
evaporation or water-rock interaction at elevated
temperature. Due to evaporation, the light hydrogen
and oxygen isotopes are likely to be removed result-
ing in the abundance of the heavy hydrogen and ox-
ygen isotopes. On the other hand, the higher & '*O
values and large deviation from meteoric water lines
can be caused by the water-rock interaction at ele-
vated temperatures. During water-rock interaction,
160 in spring water and '®0O in the rock are exchanged
leading to the ratio of 8'%0 being larger than the me-
teoric water lines (maybe need another source). Alto-
gether, this suggests that the structures within these
areas act as fluid pathways that are connected to the
deep reservoir.

Hot and warm spring at Lake Natron emanates
from fractures and colluviums at the base of the fault
trending N-S. A carbon fluxes survey conducted by
Lee et al. (2016) showed that CO, emanates from
deep mantle sources, suggesting that the faults are
conduits for fluid from the magmatic sources. These
further support our inference that there is the existen-
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Fig. 12. Photos were taken during the fieldwork showing the alteration within the cone rim,
which emerged on the floor of the Meru crater after the sector collapse
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Fig. 13. Results of the hydrogen-oxygen stable isotopic composition of D and §'%0.
(Nat- Lake Natron area, Aru — Meru Volcano area(Arusha National Park),
Olk —Olkaria geothermal field, Men- Menengai geothermal field
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Table 2
Isotopic values of water collected during the fieldwork

Sample ID o'%0 oD Locality Water type
Aru-G1 -3.85 -15.07 | Meru Ground water
Aru-L2 4.18 25.16 | Meru Lake water
Aru-L3 4.65 25.64 | Meru Lake water
Nat-H1 -4.37 -23.32 | Natron area Hot spring
Nat-H2 -3.92 -22.00 | Natron area Hot spring
Nat-H3 -4.71 -23.22 | Natron area Hot spring
Nat-H4 -4.69 -25.25 | Natron area Hot spring
Nat-H5 -4.53 -23.66 | Natron area Hot spring
Nat-G6 -4.92 -26.84 | Natron area Hot spring
Olk-H1 3.03 19.54 | Olkaria Thermal water
Olk-H2 -0.91 -0.63 | Olkaria Thermal water
Men-G3 -3.03 -8.26 | Menengai Ground water
Men-G4 -2.07 -4.58 | Menengai Ground water

ce of open faults that are permeable to allow the flow
of hydrothermal fluid.

In the Natron area, almost all hot springs (Nat-
H1, Nat-H2 ~Nat-H5) slightly deviate from meteoric
water lines. This can be explained in terms of mixing
meteoric water with magmatic fluid. These springs
are controlled by the N-S structure along the shore of
Lake Natron. The results from the analysis of one wa-
ter sample (Olk-H1) from a geothermal well at Olka-
ria geothermal field, exhibit higher 8D and & '*O val-
ues that deviate from the meteoric water line toward
higher §'*0 (Table 2). We suggest that these higher &
180 values resulted from water-rock interaction at an
elevated temperature at depth.

6. Conclusions

Understanding and evaluating the geological
structure for the exploration of potential geothermal
resources and other epithermal deposit is of principal
importance. Open structures act as the conduits for
hydrothermal fluids from their sources. These struc-
tures can be potential areas for drilling targets. The
magmatism and tectonics of northern Tanzania make
it a potentially substantial geothermal resource. The
analysis of structures, on the basis of remote sensing
and gravity data, suggests that, the areas affected by
the N-S and NW-SE trending structures, present high
potential for geothermal systems associated with tec-
tono-volcanic activities during Pleistocene to recent.

References

. Abdelsalam, M., Stern, R.J., Berhane, W.G. (2000). Mapping gossans in arid environments with Landsat TM and SIR-
C images: the Beddaho alteration zone in northern Eritrea. Journal of African Earth Sciences, 30 (4): 903-916. DOI:
https://doi.org/10.1016/S0899-5362(00)00059-2

. Albaric, J., Déverchére, J., Perrot, J., Jakovlev, A., Deschamps, A. (2010). Contrasted Seismogenic and Rheological
Behaviours from Shallow and Deep Earthquake Sequences in the North Tanzanian Divergence, East Africa. Journal
of African Earth Sciences, 58 (5): 799-811. DOI: https://doi.org/10.1016/j.jafrearsci.2009.09.005

. Ali, A., Pour;, A. (2014). Lithological Mapping and Hydrothermal Alteration Using Landsat 8 Data: A Case Study in
Ariab Mining District, Red Sea Hills, Sudan. International Journal of Sciences: Basic and Applied Research, 3 (3):
199-208. DOI: https://doi.org/10.14419/ijbas.v3i3.2821

. Baker, B.H., Mohr, PA., Williams, L.A.J. (1972). Geology of the Eastern Rift System of Africa. Geological Society of
America, (136) 67. DOI: https://doi.org/10.1130/SPE136

. Bilim, F. (2007). Investigations into the tectonic lineaments and thermal structure of Kutahya-Denizli region, western
Anatolia, from using aeromagnetic, gravity and seismological data. Physics of the Earth and Planetary Interiors, 165
(3—4): 135—146. DOI: https://doi.org/10.1016/j.pepi.2007.08.007

. Bjérnsson, H. (2010), Understanding jokulhlaups: from tale to theory. Journal of Glaciology, 56 (200), 1002—-1010.
DOI: https://doi.org/10.3189/002214311796406086

. Calvin, WM., Littlefield, E.F.,, Kratt, C. (2015). Remote Sensing of Geothermal-Related Minerals for Resource Explo-
ration in Nevada. Geothermics, 53: 517-526. DOI: https://doi.org/10.1016/j.geothermics.2014.09.002

. Chavez, P.S., Sides, S.C., Anderson, J.A. (1991). Comparison of three different methods to merge multi-resolution and
multi-spectral data: Landsat TM and SPOT panchromatic. Photogrammetric Engineering and Remote Sensing, 56:
459-467.

. Dawson, J.B. (1992). Neogene Tectonics and Volcanicity in the North Tanzania sector of the Gregory Rift Valley:
contrasts with the Kenya sector. Tectonophysics, 204 (1-2): 81-92. DOI: https://doi.org/10.1016/0040-

-40 -


https://doi.org/10.1016/S0899-5362(00)00059-2
https://doi.org/10.1016/j.jafrearsci.2009.09.005
http://dx.doi.org/10.14419/ijbas.v3i3.2821
https://doi.org/10.1130/SPE136
https://doi.org/10.1016/j.pepi.2007.08.007
https://doi.org/10.3189/002214311796406086
https://doi.org/10.1016/j.geothermics.2014.09.002
https://doi.org/10.1016/0040-1951(92)90271-7

ISSN 2410-7360 BicHuk XapKiecbk020 HauioHanbH020 yHieepcumemy imeHi B.H. KapasiHa

1951(92)90271-7
10. Dawson, J.B. (2008). The Gregory Rift Valley and Neogene-Recent Volcanoes of Northern Tanzania. Geological So-

ciety of London, 33 (1-91).

11. Ebinger, C.J., Weinstein, A., Oliva, S.J., Roecker, S., Tiberi, C., Aman, M., Lambert, C., Witkin, E., Albaric, J., Gautier,
S., Peyrat, S., Muirhead, J.D., Muzuka, A.N.N., Mulibo, G., Kianji, G., Wambura, R.F., Msabi, M., Rodzianko, A.R.,
Hadfield, R., lllsley-Kemp, F., Fischer, T.P. (2017). Fault-Magma Interactions during Early Continental Rifting: Seis-
micity of the Magadi-Natron-Manyara Basins. Geochemistry, Geophysics, Geosystems, 18 (10): 3662—3686. DOI:
https://doi.org/10.1002/2017GC007027

12. Fairhead, J.D. (1976). The Structure of the Lithosphere beneath the Eastern Rift, East Africa, Deduced from Gravity
Studies. Tectonophysics, 30 (3—4): 269-298. DOI: https://doi.org/10.1016/0040-1951(76)90190-6

13. Fairhead, J.D. (1980). The Structure of the Cross-Cutting Volcanic Chain of Northern Tanzania and Its Relation to
the East African Rift System. Tectonophysics, 65 (3—4): 193-208. DOI: https://doi.org/10.1016/0040-1951(80)90074-8

14. Foster, A.N., Ebinger, C.J., Mbede, E., Rex, D. (1997). Tectonic development of the northern Tanzanian sector of the
East  African  Rift  System. Journal of Geological Society, London, 154: 689-700. DOI:
https.//doi.org/10.1144/gsjgs.154.4.0689

15. Franzson, H., Kristjiansson, B.R., Gunnarsson, G., Bjornsson, G., Hjartarson, A., Steingrimsson, B., Gunnlaugsson,
E., Gislason, G. (2005). The Hengill-Hellisheidi Geothermal Field. Development of a Conceptual Geothermal Model.
In Proceedings of the World Geothermal Congress, Antalya, Turkey. https://www.geothermal-energy.org/pdf/IGAs-
tandard/WGC/2005/2632.pdf

16. Himematsu, Y., Furuya, M. (2015). Aseismic Strike-Slip Associated with the 2007 Dike Intrusion Episode in Tanzania.
Tectonophysics, 656: 52—60. DOI: https://doi.org/10.1016/].tecto.2015.06.005

17. Hutchison, W., Mather, T A., Pyle, D.M., Biggs, J., Yirgu, G. (2015) Structural controls on fluid pathways in an active
rift system: a case study of the Aluto volcanic complex. Geosphere, 11 (3): 542-562. DOI:
https.//doi.org/10.1130/GES01119.1

18. Le Gall, B., Nonnotte, P, Rolet, J., Benoit, M., Guillou, H., Mousseau-Nonnotte, M., Albaric, J., Deverchere, J. (2008).
Rift Propagation at Craton Margin. Distribution of Faulting and Volcanism in the North Tanzanian Divergence (East
Africa) during Neogene Times. Tectonophysics, 448 (1-4): 1-19. DOI: https://doi.org/10.1016/j.tecto.2007.11.005

19. Leat, PT. (1991). Volcanological development of the Nakuru area of the Kenya rift valley. Journal of African Earth
Sciences, 13 (3—4): 483—498. DOI: hitps://doi.org/10.1016/0899-5362(91)90111-B

20. Lee, H., Fischer, TP, Muirhead, J.D., Ebinger, C.J., Kattenhorn, S.A., Sharp, Z.D., Kianji, G., Takahata, N., Sano, Y.
(2016). Massive and Prolonged Deep Carbon Emissions Associated with Continental Rifting. Nature Geoscience, 9
(2): 145—149. DOI: https.//www.nature.com/articles/ngeo2622#affil-auth

21. Loughlin, W.P. (1991). Principal Component Analysis for Alteration Mapping. Photogrammetric Engineering and
Remote  Sensing, 57 (9): 1163-1169. DOI:  https://www.asprs.org/wpcontent/uploads/pers/1991jour-
nal/sep/1991 sep 1163-1169.pdf

22. Ma, Z.J., Gao, X.L., Song, Z.F. (20006). Analysis and tectonic interpretation to the horizontal gradient map calculated
from Bouguer gravity data in the China mainland. Chinese Journal of Geophysics, 49 (1): 106—114. DOI:
https.//doi.org/10.1002/cjg2.816

23. Mana, S., Furman T, Turrin B.D., Feigenson M.D., Swisher, C.C. (2015). Magmatic Activity across the East African
North  Tanzanian Divergence Zone. Journal of the Geological Society, 172 (3): 368-389. DOI:
https://doi.org/10.1144/j2s2014-07

24. Mia, M.B., Fujimitsu, Y. (2013). Landsat Thermal Infrared Based Monitoring of Heat Losses from Kuju Fumaroles
Area in Japan. Procedia Earth and Planetary Science, 6. 114—120. DOI: https://doi.org/10.1016/].proeps.2013.01.016

25. Mitchell, H.B. (2010). Image Fusion: Theories, Techniques and Applications, Springer: Berlin Heidelberg, 247 pp.

26. Mollel, G.F, Swisher, C.C., Feigenson, M.D., Carr, M.J. (2008). Geochemical Evolution of Ngorongoro Caldera,
Northern Tanzania: Implications for Crust-Magma Interaction. Earth and Planetary Science Letters, 271 (1-4): 337—
47. DOI: https://doi.org/10.1016/j.epsl.2008.04.014

27. Mshiu, E.E., Gldper, C., Borg, G. (2015). Ildentification of hydrothermal paleofluid pathways, the pathfinders in the
exploration of mineral deposits: A case study from the sukumaland greenstone belt, Lake Victoria Gold Field, Tanza-
nia. Advances in Space Research, 55(4): 1117-1133. DOI: https://doi.org/10.1016/j.asr.2014.11.024

28. Nabighian, M.N. (1972). The Analytic Signal of Two-Dimensional Magnetic Bodies with Polygonal Cross-Section: Its
Properties and Use for Automated Anomaly Interpretation. Geophysics, 37 (3): 507-517. DOI:
https://doi.org/10.1190/1.1440276

29. Nabighian, M.N. (1974). Additional Comments on the Analytic Signal of Two-Dimensional Magnetic Bodies with
Polygonal Cross-Section. Geophysics, 39 (1): 85-92. DOI: https://doi.org/10.1190/1.1440416

30. Nzaro, M.A. (1970). Geothermal Resources of Tanzania. Geothermics, 2 (2): 1039-1043. DOI:
https://doi.org/10.1016/0375-6505(70)90412-8

31. Pilkington, M. (2007). Locating geologic contacts with magnitude transforms of magnetic data. Journal of Applied
Geophysics, 63 (2): 80-89. DOI: https://doi.org/10.1016/j.jappgeo.2007.06.001

32. Phillips, J.D. (1997). Potential-Field Geophysical Software for the PC, version 2.2. USGS, Open-File Report 97-725.
DOI: https://doi.org/10.3133/0fir97725

33. Phillips, J.D., Hansen, R.O., Blakely, R.J. (2007). The use of curvature in potential-field interpretation. Exploration
Geophysics, 38 (2): 111-119. DOI: https://doi.org/10.1071/EG07014

-41 -


https://doi.org/10.1016/0040-1951(92)90271-7
https://doi.org/10.1002/2017GC007027
https://doi.org/10.1016/0040-1951(76)90190-6
https://doi.org/10.1016/0040-1951(80)90074-8
https://doi.org/10.1144/gsjgs.154.4.0689
https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2005/2632.pdf
https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2005/2632.pdf
https://doi.org/10.1016/j.tecto.2015.06.005
https://doi.org/10.1130/GES01119.1
https://doi.org/10.1016/j.tecto.2007.11.005
https://doi.org/10.1016/0899-5362(91)90111-B
https://www.nature.com/articles/ngeo2622#affil-auth
https://www.asprs.org/wpcontent/uploads/pers/1991journal/sep/1991_sep_1163-1169.pdf
https://www.asprs.org/wpcontent/uploads/pers/1991journal/sep/1991_sep_1163-1169.pdf
http://dx.doi.org/10.1002/cjg2.816
https://doi.org/10.1144/jgs2014-072
https://doi.org/10.1016/j.proeps.2013.01.016
https://doi.org/10.1016/j.epsl.2008.04.014
https://doi.org/10.1016/j.asr.2014.11.024
https://doi.org/10.1190/1.1440276
https://doi.org/10.1190/1.1440416
https://doi.org/10.1016/0375-6505(70)90412-8
https://doi.org/10.1016/j.jappgeo.2007.06.001
https://doi.org/10.3133/ofr97725
https://doi.org/10.1071/EG07014

Cepisi «[eonozisi. [eozpagpisi. Ekonozisi», 2023, sunyck 59

34. Pour, A. B., Hashim, M., Genderen, J. (2013). Detection of Hydrothermal Alteration Zones in a Tropical Region Using
Satellite Remote Sensing Data: Bau Goldfield, Sarawak, Malaysia. Ore Geology Reviews, 54: 181-196. DOI:
https.//doi.org/10.1016/].oregeorev.2013.03.010

35. Rosenberg, M. (2017). Volcanic and Tectonic Perspectives on the Age and Evolution of the Wairakei-Tauhara Geo-
thermal System. PhD Thesis, Victoria University of Wellington, New Zealand, 258-263. DOI: http://hdl.han-
dle.net/10063/6436

36. Rymer, H., Brown, G.C. (1986). Gravity Fields and the Interpretation of Volcanic Structures: Geological Discrimina-
tion and Temporal Evolution. Journal of Volcanology and Geothermal Research, 27 (3—4): 229-254. DOI:
https://doi.org/10.1016/0377-0273(86)90015-6

37.Saadi, N.M., Watanabe, K. (2008). Lineaments extraction and analysis in Eljufra area, Libya. Journal of Applied
Remote Sensing, 2 (1), 023538. DOI: https://doi.org/10.1117/1.2994727

38. Sabins, F. (1997). Remote Sensing Principles and Interpretation, 3rd ed.; W.H. Freeman & Co: New York, 494 pp.

39. Sandwell, D.T., Smith W.H.F. (2009). Global marine gravity from retracked Geosat and ERS-1 altimetry: Ridge Seg-
mentation versus spreading rate. Journal of Geophysical Research: Solid Earth, 114 (Bl): B01411. DOI:
https://doi.org/10.1029/2008JB006008

40. Sandwell, D.T,, Garcia, E., Soofi, K., Wessel, P, Smith, WH.F. (2013). Toward 1-mGal Accuracy in Global Marine
Gravity from CryoSat-2, Envisat, and Jason-1. The Leading Edge, 32 (8): 892-899. DOI: https://topex.ucsd.edu/sand-
well/publications/144.pdf

41. Sandwell, D.T., Miiller, R.D., Smith, WH.F., Garcia, E., Francis, R. (2014). New global marine gravity model from
CryoSat-2 and Jason-1 reveals buried tectonic structure. Science, 346 (6205): 65-67. DOI:
https://doi.org/10.1126/science. 1258213

42. Simiyu, S.M., Keller, G.R. (1997). An Integrated Analysis of Lithospheric Structure across the East African Plateau
Based on Gravity Anomalies and Recent Seismic Studies. Tectonophysics, 278 (1-4): 291-313. DOI:
https.//doi.org/10.1016/S0040-1951(97)00109-1

43. Ulusoy, 1. (2016). Temporal Radiative Heat Flux Estimation and Alteration Mapping of Tendiirek Volcano (Eastern
Turkey) Using ASTER Imagery. Journal of Volcanology and Geothermal Research, 327: 40-54. DOI:
https://doi.org/10.1016/j.jvolgeores.2016.06.027

44. Wilkinson, P, Mitchell, J.G., Cattermole, PJ., Downie, C. (1986). Volcanic Chronology of the Men-Kilimanjaro Re-
gion, Northern Tanzania. Journal of the Geological Society, 143 (4): 601-605. DOI: https://doi.org/10.1144/

gsjgs.143.4.0601

Authors Contribution: All authors have contributed equally to this work

OuiHka reoJIOriYHUX CTPYKTYP i reoTepMajibHUX pecypciB
y ByJkaHivHii 30Hi [liBHiuHOI TaH3aHii 32 701IOMOT010
AUCTAHUIHHOIO 30HAYBAHHA Ta AHAJI3Y JaHMX IpaBiTauil

Anvoano Maxeua 3

kadepa KOPIOPaTHBHUX MPOTrpaM PeCYpCHOTO 1HXUHIPUHT'Y,

imxenepHuii pakyswret, / Vuisepeurer Krocio, @ykyoka, SInoHis;

3 Tanzanis l'eorepman Jlesenonment Kommani Jlimiten, Jap-ec-Canam, Tanzanis;
Hypeooin Caaoi’

kade/pa reoJorivHol imxkeHepii, ilKeHepHUH (aKyJIbTeT,

2 Vuisepcurer Tpinoni, YHiBepcuterchka nopora, Tpinomi, Jlisis;

Eccam Abayo *7

LlenTp mocnimkeHHs reoHeOe3nexK,

#Vuisepcutet kopouns AGnynasiza, [xumna, Cayiiscbka Apasisi;

3 HanjioHa/bHUiA HayKOBO-TOCIIIHUH IHCTUTYT acTpoHOMii Ta reodizuku, Kaip, €runert;
Axipa Imai’

kadenpa imxeHepil pecypcis 3emii, iHXeHepHUH (aKyibTeT;

Komapo Honezy '

kadenpa imxeHepii pecypcis 3emii, iHxeHepHU paKkyasTeT

Bynkaniuna micuesicTs [1iBHiuHOT Tan3anii Oyia mpeMeToM OLiHKH T€0TePMaIbHOTO ITOTEHIIaTy MPOTSITOM OCTaH-
HiX YOTHPHOX AECATHIITH. PeTiOH XapakTepu3yeThCs BYIKaHIYHOIO Ta TEKTOHIYHOIO aKTUBHICTIO BiJI HEOTEHY A0 Cydac-
HocTi. [le momepenne AocmimkeHHs, 3aCHOBaHE HA JIAHWX JMCTaHIIHHOTO 30HAYBAaHHS, XiMii BOAM, JaHUX TpaBiTaiii,
re0JIOTIYHMX CTPYKTYpax i po3Mo/ili ByJIKaHIYHUX LIEHTPIB, IIOBIIOMIISIE PO BUSBIICHI TeOTEPMaIIbHI ITPOSIBU Ta 0OrOBO-
PIOE HACIIIIKM JUIsl NUISIXiB reoTepMalibHuX piinH. KucHeBo-BogHEBI 130TOMNHI AaHi 3 Tpo0 BOM BKa3yIOTh Ha T€, 1110 BOHU
OyJu 3aiydeHi 10 rixporepmanbHoi cucteMu. PaiioH po3oixkHocTi ITiBaiunoT Tan3anii (NTD), mo xapakrepusyeThbes By-
JIKAHIYHOIO Ta TEKTOHIYHOIO JNisUTbHICTIO BiJl HEOTEHY 10 cyyacHocTi. OCTaHHI ByJIKaHIYHI Ta TEKTOHIYHI Jii BKIIIOYaIOTh
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BUBEP)KEHHSI TIOIIEJIOBOTO KOHYCa Ta JIABOBOI'O KYIIOJA Ha JIHI Kparepa Mepy CTOJITTS TOMY, BTOPTHEHHsI JaiiK Ta BUBEp-
JKCHHS ByJIKaHa Ha MiBJICHb BiJ BynkaHa [enmaii Ta Bynkana OnmoitHbo-JIenraii BinmoBimHo. @ymaponbHa MisIbHICTE 1
rapsdi Jpkepesa JOMiHYIOTh Y BIJTHOCHO MOJIOZOMY BYJIKaHIYHOMY paiOHI Ha MiBHIYHOMY CXO[i Ta B MiBHIYHII YacTUHI
NTD. Micis Shuttle Radar Topography Mission (SRTM), 300paxenns Landsat 8 Operational Land Imager (OLI), anani3
130TOINIB BOAW Ta I'paBiTalliiiHi AaHi Oyl BUKOPHUCTaHI JJIsl BUJIyYEHHS Ta aHalli3y MOBEPXHEBHX 1 ITIANIOBEPXHEBUX I'€0-
JIOTIYHUX JiHIN i KapTyBaHHs 30H TiAPOTEpPMaIBHUX 3MiH y JOCTIKyBaHiil obmacti. ['izpoTepmansHa 3MiHa BUKOPHCTO-
BY€ETBCS U OIIIHKH Ta iAeHTU(IKAIi] MPOHUKHUX CTPYKTYp. AHANI3 Ta IHTEPIIPETAIlisl JOBKUHH Ta TPEH/IB BIIYICHUX
JiHeaMeHTiB OyJii BHKOPUCTAaHI JJIS JOCIiKeHHS TEKTOHIYHOI eBomromii. ['eooriuna KapTa JOCTiKyBaHOI TePUTOPil
Oyna onngpoBaHa 3 iICHYIOUHX T€0JIOTIYHUX KapT i BiKy TipCHKHX MOPiA, 00 OKPECIUTH BYJIKaHIYHY aKTUBHICT 1 ITOB'SI-
3aHi 3 HEIO JiHEaMEHTH Ha OCHOBI BiKy JITOJOTTYHOro AOoMeHyY. Binbim Bucoki 3nagenns & 130 Ta Benmke BimxwmieHHs Bix
JHIF METEOPUTHOI BOAH MPHUITYCKAIOTh, IO 1€ TIOB’SI3aHO 3 B3aEMOIEI0 (IFOIAIB i3 BMIIIYIOYMMH OPOAaMH TIPH ITiABH-
LIEHUX TeMIIepaTypax. BoHM BiAMOBIialOTh BIIKPUTHM CTPYKTYpaM, sIKi AifOTh SIK KaHAJIH JJIs TOTOKY pinunu. [laHi no-
TEHLIHHOT CHJIN TSKIHHS TOKa3yloTh 0aceHHONMoAIOHy CTPYKTYpY, IO TATHEThcs B Hanpsmky [1H-ITH-3. ['paBitaniiini
JlaHi NMOKa3yloTh, 0 OIOKK (hyHAAMEHTY MOCTYNOBO MOIIHOIIOIOTECS A0 EHTPAIBHOI YaCTHHY 1 110 BOHU KOHTPOIIIO-
FOTHCSI IBOMAa OCHOBHUMHM CHCTEMaMHU PO3JIOMIB, CipsiMoBaHUX Binmosinuo Ha [TH-I1x ta ITH-3-I1a. I'pasitamiiini naHi,
NIPE/ICTaBJICH] TYT, HAAAIOTh HOBI OOMEXXEHHS 1100 TEKTOHIYHOI €BOJIOLIT Ta re0TepMaIbHUX PECYPCiB AOCIIIKYBaHOT
TepUTOPii.
Knrouosi cnosa: oucmanyiiine 30n0ysanns, epagimayis, ceomepmanvhuil, Tanzauis, cmpykmypu, i30mon.

BHecoK aBTOpiB: BCi aBTOPW 3p06MAM PiBHUI BHECOK Y L0 poboTy Hagijiiwna 25 sepecHs 2023 p.
MpuitHaTa 27 osTHA 2023 p.
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