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ABSTRACT

Mud volcanoes are some of the most mysterious geological feaDoasirence bmud
volcanoes could signify presence of hydrocarbons or sudden endogenetic evehts. M
volcanoes exist worldwide in areas of rapid sedimentation, lateral tectonic compression
and recent magmatic activity hydrocarbon occurrencén this study, about 0 of
onshore mud volcanoes were found and documented in N&yenidical study on the
occurrence ofecently foundonshore mud volcanoes in Nigeria was undertaken with
emphasis on documentation and mapping of the onshore mud volcanoes with the view
of understanding the geological control on their distribution. The study approach
involves reconnaissance survey, fieldwofield sampling and insitu measurement of
physicoi chemical parametertn this studythrough reconnaissance survapout 200

of onstore mud volcanoes were investigatadl documented in Nigeria. Theldwork
revealed thatonshore mudvolcanoes are located withi@retaceousUpper Benue
Trough, filled with Early Creteous continental deposits and Late Cretaceous marine
deposits, havinga history of magmatism dating from Albian to Pleistocehke
onshoremud volcanoes occumostly on Yolde Formation and Upper Bima Sandstone

in groups of 51 30 vdcanoes ifiud volcano fields They occur along the NE SW
trending Kaltungo faulzoneand dher minor Ni' S and NWi SE trending faultsThe
physical characteristic of the onshameid volcanoes found araostly of small sizes,
having cones not exceeding one and half metres in height and diameters ranging from
0.5 m to 8 m at base, with pools o&ater and mudflows from the cratef®emperature

of the mud at the neck of the volcano ranges between 22°C to 26°C which is below the
local mean annual temperature of the surrounding9&€. The XRD analysis of the

clays from the mud volcanoes revelaé tpesence of traces of marine mineral content
such as smectite, bentonite, calcite and evaporites in the clay in some of the mud
volcanoes, and complete absence of the listed elements in other mud volcanoes reveals
that the clays being extruded by the mudcanoes are mostly from the Yolde
Formation and the Upper Bima SandstoResults of hydrochemical analysis on the
water samples from 14 mud volcano fields show that the cationic and anionic
concentration varies as follows: €a8.26 to 46.4 mg/l), Mg (1.16 to 20 mgll),
Na'(18.6 to 4789 mg/l), K(9.4 to 134 mg/l), Fe (0.02 to 5.74 mg/l), HCq126 to

3111 mgl/l), Cl (5 to 2625mg/l), SQ* (12.5 to 16.9mg/l), CF' (3 to 2040 mg/l) and

SiO;, (7 to 45.6 mg/l). Physicechemicalparameters ofvater fromthe mud volcanoes,

is most highly alkaline (pH ranges from94to 8.99, saline (TDS varies frord49to

12757 mg/l), very hard (TH varies from 102 to 1180 mg/l CaOhe dominant
hydrochemical facies is Ng&K) 1 HCO; while Ca Nai HCO;s is the minor watetype.

The chemical compositioof water fromthe mud volcanoeshowshigh mineralisation

which is an indicatiorof connate mixed withmeteoric water With the exception of

cd*, Mg** and SQ?, all other parameters are far above the World Health Orgamizat
(WHO) and Nigerian Industrial Standard (NIS) standards for drinking water which may
be important in environmental context as the local people sometimes drink the water.
This group ofonshoremud volcanoes founth Nigeriaare structurally controlled an
characterised asmall mud or oftersand volcanoes from which material ejected to the
surfaceis derived from shallow depths, usually only a fésns of metres. The
occurrences of onshore mud volcanoes along the fault zones within the study area
suggest surface manifestain of neotectonisrn the area.
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CHAPTER ONE
INTRODUCTION

1.1 Background to the Study

Mud volcanoes are some of the most mysterious geological feallnassands ofmud
volcanoes exist worldwide in areas of rapid sedimentation, hydmtasbcurrence,

lateral tectonic compression, and recent magmatic act{@iyitrov, 2002. The

number of known mudvolcanoes is growing with botltonshore and offshore
discoveries. About 2000 mud volcanoes have beenrowedi onshore and over 700,000
havebeen estimated toebdiscovered offshore global{pimitrov, 2002 Milkov, 2000;

Judd, 2005)Whitten and Brooks1(972) define a mud volcano as a typespffing, with

a positive topographic feature in form of a ctvawingvaryingsizesfrom a fraction of

metre to over one kilometre, in which is incorporated argillaceous materials or volcanic
ash to produce a boiling mass of m@gdrings are defined as places where groundwater
flows naturally from a rock sediment or soil onto the land surface or into adfody
surface water. Their occurrence is not limited to rocks of a particular age or type or to
any specific geological or topographic setting. The diveiditgprings is indicative of

the wide array of geologit and hydrologial conditions which lead tcheir occurrence

(Pitt andAlfaro, 2001).

According to Keilhack (1912) classification of springs into descending springs and
ascending springs based on the path of the water to the surface and not the origin of the
water. Mud volcanoes are ascending ggsiwith low conical mounds having a crater at

the top through which the water risae built up when water containing clay or fine
sand rises to the surface under pressure. As the water spreads out of the vent it loses

velocity and therefore deposits thmatter it had carried in suspension. Such deposits are



made by the temporary springs formed along fissures in unconsolidated rocks during
earthquakeKirk, 1919).

Offshore mud volcanoes in Nigena the Niger Deltahave been reported agcular
featuresfrom the upper continental slop&raue 200Q Heggland, 2001 However,
onshoremud volcanoesvere only reportedat Todi villagein the CretaceousJpper
Benue Trougtof Nigeria(Umaru, 2000).Later on (2009 2011) ProfessorSchoeneich

of the Departmenbf Geology, Ahmadu Bello Universi¥aria, Nigeriajn company of

Dr Ewa Kurowska from University of SilesjaPoland visited thearea and foundther

mud volcanoes iTodi and Lallapidovillages.However, occurrence of mud volcanoes
was not mentioned imprevious scientific works on the pgger Benue Trough and
southern Borno Basirby Falconer (1911), Jones (1932), Raeburn and Jones (1934)
Barberet al (1954) Carteret al. (1963), Allix (1983), Benkhelil (1985; 1986; 1988
Popoff (1988), Guiraud (198%nd Zaborskiet al (1998) That discoveryby Umaru
(2000) brought to limelight the occurrence of dwse mud volcanoes in Nigeria and
there is need to critical study and document the onshore mud volcanoes in.Nigeria
Therefore, this study is aimed at doamting and mapping the occurrences of the
onshore mud volcanoes in Nigeria with the view of understanding the geological control
on their distribution. Bconnaissance investigation in finding mavashore mud
volcanoeswere carried out irthe Lower Benue ugh, Middle Benuelrough and
Upper Benue Trough antié Nige Delta Basin However, more of the onsteomud
volcanoes were recorded parts of the Upper Benue Trough of Nigeri@therefore,

this study is aimed at documenting and mapping the occurrefidhe onshore mud
volcanoes in Nigeria with the view of understanding the geological control on their
distribution.Also, this studywill establish if there arsimilarities between onshore mud

volcanoes discovered on land in Nigeria and those on lanthar countries such as



India, Venezuela, Trinidad and Tobago, Mongolia and California in terms of their
height, shape, size, precipitated salt, mud flownftbe crater

1.2 Aim and Objectives of the Study

The research work is aimed @cumenting ath mapping the occurrences ohshore
mud volcanoes in Nigeria, with the view of understanding the geological control on
their distribution.The objectives are
i.  To document all the mud volcanoes found onshore Nigeria.
ii. To carry out a dtailed gological mapping ofurroundingareasof the
onshoremud volcanoes.
lii. To establistihepossible geological control on theiccurrencesnd
distribution
iv. To carry out amineralogicaland hydro-chemical analysesf the mud and
water drectly flowing from volcanoes

1.3  Justification of the Sudy

Onshore mud volcanoes are rare geological phenomena and are only being reported in
Nigeria for the first time. A distribution map of mud volcanoes in the world does not
show the occurrences ohshore mud volcanoes in Nigeria. The occurrences of mud
volcanoes are always attributed to areas of tectonic activity such as rapid sedimentation,
hydrocarbon occurrence and lateral tectonic compression. The Distribution of onshore
mud volcanoes along fis may also reveal if the mud volcanoes are structurally

controlled.

Therefore, documentation and mappingoashore mud volcanoes in Nigeria will help
in integrating the onshore mud volcanoes into the world distribution map of mud
volcanoes. Exploratiofor oil in the Benue Trough has beenguming, it is important to

know if onshore mud volcanoes are possible indication of hydrocarbon in the Benue



Trough. Mud volcanoes also signify manifestation of earthquakes or sudden
endogenetic events. Knowing thelationship of onshore mud volcanoes in Nigeria to
earthquakes or endogenetic events will also be useful to avoid sudden environmental

hazard in surrounding areas where the mud volcanoes are occurring.

1.4  Scope of the Sudy
The Scope of the study is adléovs:

1) Desk study: entails literature survey for previous work on mud volcanoes with
emphasis on onshore mud volcanoes. Also, acquisition of satellite data and
interpretation of same.

2) Reconnaissancsurvey. reconnaissance survey will be carried out witthe
Upper Benue Trough and other basins such as Middle Benue Trough, Lower
Benue Trough and the Niger Delta with possibilities of documenting more

onshore mud volcanoes.

3) Fieldwork detail geological mapping of surrounding areas of the onshore mud
volcanes will be done to delineate the different lithologies and structural

features of the area.

4) Laboratory analyseshichinvolves the following:

) Grain size analysis on the sediments from the surrounding areas of
onshore mud volcanoes will be done in ordedétermine particle size
distribution other grain size parameters such as mean, sorting, skewness
and kurtosis.

i) X-ray diffractometer analysis will be carried out on clay samples

extruded from the mud volcanoes and the sorrowing overburden.



i) Water Analysiswill be carried out on watdssuing out from the craters
of the mud volcanoe$rom eachof the fourteenfields of the mud
volcanoes for hydrochemical analysis.
5) Statistical data evaluation / processing
The textural properties of the sediments sunding the area of occurrences of
onshoremud volcanoes will be determifiem cumulative frequency curves. The
hydrochemical facies of the water issuing from the crater of the onshore mud
volcanoes are determined from Piper and Schoeller diagrams.

1.5 Concept andOrigin of Mud V olcanoes

According toFowler et al (2000), mud volcanoesoften result from the presence of

under compacted mudstones and overssueed multphase pore fluids, brine and
methane. Mud volcanoes maiso be described as featudssely related o 66 cl ay ¢
mud di 8gi dedodonition, t he Grieeerkc efod iaanpde i weasd
used byMrazec (1915. However, Mrazecs (1915 definition of diapirism as the

process of forceful movement of a more or lessstit body from areas of higher
pressure to areas of lowpressure has since then been widely accepted. It has often

been restricted to salt structuresthough sme workers used it for effusive or intrusive
magmatic processeg/egmann,1930.

According to Brown 1990, the formation of diatremes is oftemssociated with mud

diapirism However,they can be formedbove any stratigraphic @tructural conduit

that rapidly expels fluids into the base of an unlithified sediment column leading to
fluidization. In muddiapirism, the mud is assuméal be driven upward by buoyancy
forcesresultingfrom the bulk density aurast between an overpressured muddy mass

and an overburden of greater density. As the mud reaches depths of aneunidtwo

kilometres rapid expansion of the dissolved gas as it comes out of solution increases the
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buoyancy effects and the stress om turrounding sedimentwhich can lead to
fluidization. Migration pathways are quickly formed to the surface, typically along lines

of weakness associated with localized extensional tectonics over the top of the
underlying diapir, resulting in eruptions gas charged mud and water at the surface
creating a mud volcan@rown 1990.

Although the driving mechanisms are differdmth diapirs and diatremes involve mud

and overpressurethultiphase pore fluids and in some cases are ofterphologically

similar. Eruptions may vary from gentle extrusions of mud to violent explosions of gas

and mud. Essentially all reported mud volcanoes are associated with thick sequences of
overpressured, organand clayrich sediments (Hedberg, 1974; 1980

According to Gaue (2000)based on the large differences obsernveshape, size and

eruption styles of mud volcanoesis clear that there is nexactmodel that camxplain

thar origin. Ultimately, mud volcanoes form either as ctiigipirs that reach and pierce

the groundsurface or adluidized argillaceous sediments, together with watad

various anounts of hydrocarbon gases white extruded along structuraleaknesses
(conduits) within subsurface sediments/rocidilkov, 2000, Figure 1). The
fundamental regjsite for mud volcanisnis the existene of a potential source domain
andsolitary or interconnected argillaceous carrier beds for migrdtings and gases.

However, foractual volcanic processés commence andontinue that is for gases to

form andbr for the source material to move, rise and eventustlyude from the
subsurfacé additional forcesre required

According to Rukavil kov8 and Hangl (2008) .
mor phol ogy and mani f est aytalsoobe of aniable drigins.Ear t h
Rukavil|l kov8 and Hangl ( 2dame8dtal gréupsrbasédeomthed e s c r

genesif the mud volcanoega) mudvolcanoessensu strictdinked with hydrocarbon



gas release (Dimitrov, 20pfide:Ru k avi | kog B B @) hgdidthenmal mud
volcanoes (Pitt and Hutchinson, 198Rle: Rukavi | kov8 and Hangl
volcanoes as a manifestation of an earthquake or a sudden exogenetic event (Rogozhin

etal, 2007fide:Rukavi | kovg§8 and Hangl (2008)

A 5 C » C

-~~~ argillaceous carrier bed “—-"-"_- .

Figurel: Basic mud volcano formation. Explainatio®\; clay diaperB; seafloofpiercing clay
diapir - a mud volcanoC; seafloor seepage and E;mud volcanoes formed due to
riseof fluidized sediments along faults (after: MilkoQ@D).

Mud volcanoessensu stricto linked with hydrocarbon gas releaséDimitrov, 2002;

fide: Rukavi | kov 8§ a fhkse rhadwvgldanoes@ Wsabyassociated with
deposits of hydrocarborGases formed during hydrocarbon formation processes and
avail able water, forces t hhenuthwitamessacgent t o
in sizefrom small gryphons of about one meter in diameter to sek#oatetres,and

with average heights dfiundreds of metres (Dimitrov, 2002; Kholodov, 206i2e
Rukavi | kov 23008 mhearéliegdarly clustered in separated areas forming

belts, whichcoincide with active areas of the continental plate boundaries and zones of



young orogenic structures (Dimitrov, 200Examples of this type afud volcanoes
are located in eastern Azerbaijan and the Caspian Sea region (Panahifi@)05;

Rukavi | HanwglamrdO038)

Hydrothermal mud volcanoes Pitt and Hutchinson, 1984jde: Ruk avi | kov§ a
Hangl 2008) are wusually found in regions
Volcanic gas and hot water rising to the surface detach and entragrdinedparticles

of adjacent rocks. Thewud cones usually not more than one or two metres in height,

mud cauldrons and fumaroles are all apparent results of these geologic processes. The
characteristic of these mud volcanoes includes high water temperaturafidorraf

large volumes of water vapour and absence of hydrocarbon gases (Kholodov, 2002;

fide: Rukavi | kovg8 andMulangadt 620i08) an alternat
hydrothermal mud volcanoes, which are in fact recognizethetahermal springs.

Examples ofknown hydrothermal mud pots occur in Yellowstone National Park in

USA (Pitt and Hutchinsor,982).

Mud volcanoes as manifestation of earthquake or sudden exogenetic events
(Rogozhiret al, 2007fide:Ruk avi | kovg§ and Hangl 2008). T
as small mud or oftersand volcanoes, which are caused by constant effects of
earthquakesr floods, which can lead to rapidcrease in strain in rocks or abrupt

change in piezometripressure in aquifers. The major characteristics that differentiate

this type of mud volcanoes with the previous tgroups of mud volcanoes is that,

ejected mateal to the surfacarederived from shallow depths, usually only a fems

of metres. The height of this type of mud volcanoeaches generally several

decimetres, rarely above onmeetre; their diameter may attain several metres.



1.6 Classification of Mud V olcanoes

In the classification of mud volcanodsw classification schemes exist ahdve been
developed by the use of different approaches and critarreely the shape and size of
mud volcano constructiofGubkin and Federov, 1940akubovet al, 1971, lvanowet

al., 1996);the correlation of mud volcanoestiw local geological structures such as
faults and folding (Akhangelski, 1932). HoweveKalinko (1964) generalized the data
on numerousnud volcanoes to construct a classification systesedb@n the character

of theiractivity with resgct to morphological expression.

The submarine mud volcanoes are difficulttassify butassumptions can be made by
studyingtheir morphology: shape dhe body, structuref the crater and mud flows
Therecent activity of submarine mwalcanoes can be judged by severetuliarities
mostprominent at the summit of the mud volcan@lganovet al, 1996

Kopf (2002) said thabecause othe variety of mud volcanoes, no strict classification
seems useful ro possible. However, hegave two typical features which are
schematicallyreferred to below as mud dome and mud(pigure 3. The differences
between cones (domes) and pies are made on the grounds of angle of the flanks. Pies
generally have <5° slopes.

The feeder, oconduit is the central feature through which mud extrusion is facilitated.
It may be either cylindrical, irregularly shaped, or a slit (i.e., a fracture or fault). The
area where the central conduit crops out at the surface is calle@shebeing generally

the most elevated point. If the crest region shows a depression, this is referred to as the
crater If this crater is filled with soupy mud, this feature dalled a mud pool.
Sometimesif the main conduit of the mud volcano termirsags a crater, it may also
have been termed pingo or cauldron(Portuguese for caldera). Splays of the main

conduit may result in small craters somewhere off the centre (or even tanteand



are referred to agryphons Both the main conduit and tlggyphons are the locations

from which mudflows originatéopf, 2002)

A mud dome e (oaukiren, pinge)

B mud pie, less than 5° slope angle (in cross section)

misd pood, mud ple, mud

spring, tassik
—_— e '_—‘ r____wwtqmmrj.w.-ny
S . ——————— ‘E witder than of mud domes

Figure 2 Schematic diagrams of (A) cosbaped and (Bpieshaped mud feature (After

Kopf, 20@®).
1.7  Global Distribution of M ud Volcanoes
Mud volcanoes are distributed worldwide and are located in a wide variety of tectonic
environments, including passive continental margins and continental interiors, as well
as convergent plate boundaries, where fluid rich sediments and eslaté released

due to increasing compactional stress and temperature @eald 1990; Hedberg,

10
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1980). About 2,000 mud volcanoes have been so far discovered onshore according to
Dimitrov (2002). It is estimated that the mud volcanoes worldwide are @00 to
1,000000 in number (Milkov, 2000; Judd, 20Gkle Akesson, 2008).

Figure 3shows the distribution of the most distinct and relatively well known mud
volcano examples: Italy (Deecke, 1897; Chiodkhial., 1996), Burma (Pascoe, 1912;
Chhibber, 934), Java, Sumatra, and Borneo (Blumer, 1922; Reinhard and Wenk,
1951), Trinidad (Kugler, 1933; Birchwood, 1965), Azerbaijan (Goubkuh ederov,

1940; Kugler, 1939; akubov et al., 1971), the Makran coast of Iran and Pakistan
(Harrison, 1944; Snead, 4), Colombia (Gansser, 1960), Timor (Audi€harles,

1968) and Venezuela (Higgins and Saunders, 1973). Smaller numbers of mud volcanoes
have also been described from the Netherlands (Paine, 1968), the Mississippi and the
Nile deltas (Hovland andt al, 1997), the North Sea (Vogt al, 1997), Lake Michigan

and the Greenland (Kopf, 2002).

About 150 onshore single mud volcanoes were found in Taiwan, the Marianas,
Malaysia, Samoa and Australia to New Zealand (Kopf, 2002; Dimitrov, 2003).

The number of mudolcanoes on the eastern coast of the Pacific Ocean is much less,
however examples are known from and around the Aleutian Trench, Alaska, British
Columbia, California, Costa Rica, Ecuador and Peru (Kopf, 2002; Dimitrov, 2003). The
Atlantic Ocean compriseseveral hundred of both onshore and offshore mud volcanoes.
With the vast majority concentrated along the Caribbean thrust belts and within the

Barbados accretionary zone (Dimitrov, 2003).

1.7.1 Mud volcanoes in Africa
Since 1999, many mud volcanoes amapis were discovered in the Gulf of Cadiz and
North Atlantic Moroccan margin. The Gulf of Cadiz is located in a tectonically active

area in front of the BeticRifain arc. It is bounded by the Iberian Peninsula to the North

11



and the African continent tdhe South (Mhammedet al, 2008). The research
conducted by Gardner, 200@Gutscheret al, 2007and Garaciat al, 2003 fide
Mhammediet al, 2008) showed that the extensimecurrence ofmud volcanoes in the
Gulf of Cadiz are located in the shallowegart of the accretionary wedge and they

result fromneotectonics.

Figure 3: Occurrence and distribution of mud volcanoes on Earth (modified after

Dimitrov, 2003 and Kopf, 2002): 1 Aleutian Trench, Alaska Margin: Copper River
Basin2 British Columbia, Caada3 Cascadia (Oregon, Washingtprd California,
Nevada,5 Gulf of Mexico, 6 Texas, Mississippi, Louisiana/ Lake Michigan 8
Colombia 9 Costa Rica,, 10 Ecuadoy 11 Barbadosl?2 Venezuela and Trinidadl3
Greenland, North Atlanticl4 Morocco/North Afica, ,15 Spain, 16 Barents Sea, North

Sea, Baltic Sea, 17 Alboran Sea, 18 Western Alps, Appennines/italy,19 Sicily, 20
Peloponnesus/ Greece, Adriatic Sea, 21 Aegean Sea, 22 Eastern Mediterranean Sea, 23

Romania, 24 Tanzania/East Africa, 25 Black Sea, K&mimea Peninsulas, 26 Caucasus

(Taman, Georgia, Azerbaijan), 27 Caspian Sea, 28 Iran, Turkmenistan, 29 Makran and
Pakistan 30 India, 31 Burma, 32 Sumatra, Java, 33 Borneo, Brunei, Sabah/Malaysia, 34

Gulf of Guinea 35Timor-Ceram Ar¢ 36 Irian Raya, Papa New Guinea37 Taiwan, 38

Ryukyu Trench, Nankai, Japan Trench, Japan, 39 Sakhalin Island/ Sea of Ochotsk, 40

Marianas, 41 Australia, 42 New Zeland, diByan Desert, Egypt, 44 Netherland4;-
single mud volcanoes, mud volcano belts or separated &easediments in the areas
out of the continental shelve§; 1 active compressional ared; subduction zones.

1.7.2 Mud Volcanoes in Nigeria
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Little has been published on mud volcanoes in Nigeria. They occur offshore of Nigeria,
in the Niger Delta whee, according taGraue(2000), numerous circular features have
been reported from the upper continental slope. They were investigated using
geophysical techniques and it was found that the daresactive odormant, usually

1i 2 km in diameter. Some feats overlie rolling anticlines and the others juxtapose
diapirs. Core samples from the deep, exploration wells revealed oil, gas, and clasts of
shale and sandstone in the mud. Some rare carbonate nodules have also been found. The
age of the mud volcanoes taral is Pliocene and Pleistocen@rgue 2000). The
geophysical investigation and cores analyses revealed that the source bed to the mud
volcanoes consists of ovpressured shale, which is overlain by lowegrity
sediments. In the result of high press forces some of the shale intrudes into the
overburden forming mud domes, while other features are formed from high fluid
discharge from an underlying sediment wedge and appear as circular depressions in the
surrounding seafloor.

Also, according tdHegglandet al. (2001), ®ismic data from the Nigerian continental
slope show indications of fluid flow to the seabed through faRlste 1shows an
azimuth map of the 3D seabed reflector. The water depth varies from approx. 300 m in
the NE to 800 m in th&W. Pockmarks are visible along seabed fault lines indicating
fluid flow through the faults. Mud volcanoes also seem tadsmciated with the faults.

Rapid sedimentation and slumping of unconsolidated sediments along with high gas
contentin the sediments believed to have caused the generation of the mud volcanoes

(Hegglandet al.2007).
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3D, Azimmuth Map, Seabed, Nigeria

Plate 1:Azimuth map of the 3D seabed reflector showing faults, pockmarks andaotashoes

(Hegdandet al. 2001)
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CHAPTER TWO

LOCATION AND GEOLOGY OF SURROUNDING AREA OF MUD

VOLCANOES

2.1 Location and Accessibility of Onshore Mud Volcanoes in Nigeria

All documented areas of occurrences of onshore mud volcanoes in Nigeria are located
within the southern part of Gombe State in the Upper Benue Trough. The area falls
within latitudinal range 093 0 6 @ @G0 0006 and | ondg’idt0WdiOa |
11° 1 56 0 0 0is locateddon aFederal Surveys of Nigeria (1975) 1: 50,000
topographicalmaps sheet 173 Kaltungg SW and NW (Figure 4) The area is
accessibldrom the rorth by Billiri T Filiya, from the northwest by ShelaTodi and

from the northeast by Kaltungd_allapido secondary tarred roads. The stream channels

and the footpaths in the area served as access routes during the fieldwork.

2.2 Climate and Vegetation o the Area of Occurrence of Mud Volcanoes

The areaof occurrence of mud volcanoéals within the humid tropical climatic zone
of Nigerig in Sudan Savannakith alternating rainy and dry seasons. hikean annual
rainfall of the area is 900mm, which lafstom May to Octobemwhile the dry seaso
starts from October to Apri(Schoeneichand Garba2010). The highest rainfall is
recorded in the months of July and August. Meanual temperature ranges fron°@6

to 27°C (Schoeneictand Garba2010)
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Figure 4:Geological sketch map of Nigeria modified from Obaje (2009) showing the area of
occurrence of onshore mud volcanoes in Nigeria.

The vegetation within th@areawhere mud volcanoes occurdbaracterized by spsely
distributedtrees showng a stunted growth. Continuous cover of grassess tneth
thorns, thick barks andalt leaves characterises the vegetatiofirees found there

include mango, neem, an@dbab. Defeestation and farminpas affected the natural

vegetationéading to eraen in some parts.
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2.3 Relief and Drainage ofthe Area of Occurrence of Mud Volcanoes

The prominent topogphical features othe area are towardbe north eastern part,
south eastern part and the southern part within the Bima Formakiba tive Yolde
Formation formgyently undulatingills at the southi western part of the ard&igure

5). The general topography of the area is associated with watershed which produces
river channels and expaséhe successions it cross cut. The magma volcanic inteusion
into the Cretaceousandstondorm prominenthills with sharp peakThe area is drained

by tributaries of the River Lakukus, River Jallang, River Tibalni, River Wale and River
Yaudi. Most of them are seasonal while some are perennial foaeimgdyitic dainage

pattern(Figure 6)

2.4 People and Settlements ahe Area of Occurrence of Mud Volcanoes

The areaf occurrence of mud volcanoisinhabited by the Tangale, Slymm, andthe
Fulani speaking people. The choice of site for settlements in the atedydepends on

the geology, topography, and availability of water and arable farm land. Major
settlements connected by motorable roads are: Lallapido, Todi, Billiri, Kumodn
Lakaturu(Figure 5).

The soil types in the area is good the cultivation ofcrops like millet, guinea corn,
maize and cotton especially on the rich dark grey to black clayey soils of the Bima
Sandstonand part of the Yolde FormahoAlso grazing of animals and excavation of

clays for construction purposes are carried out byp#ople.
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2.5 Geologial Background of the Area of Occurrence of Mud Volcanoes
25.1 History of the Benue Trough of Nigeria

The Benue Trough of Nigeria is a geographiaatl geologicafeature 100km long
extending from the Niger Delta to the Lake Chad Basin (Maetral., 1986). The Benue
Trough is a sediment filled NBW trending depression, about 100@ long (Petters,
1978, Bekhelil, 1989). The Cretaceousgcture lies within the Precambrian mobile belt
of West Africa (Guiraud, 1990b). It is subdivided into lower, dieédand upper regns.
These three regions generaljorrespond to areas distinguished by characteristic

stratigmphical and structural featur@®enkhelil, 1989)Figure 7)

ONiTSNA

Figure 7: Outline geological map of the Benue Trough and adjbeecasLBT- lower BenueTrough;

MBT- middle Benue Trough; UBT upper Benue Trough.-1Precambrian; 2J ur as si ¢ AYoung
Gr a ni t Geaoeous 3ediments; 6enozoieRecent basalts (including those of the Caarline)

After Zaborski (1998)
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2.5.2 Origin of the Benue Trough Nigeria

The mechanism responsible for the origin and evolution of the Benue Trough is still a
subject of controversy. However, there are essentially two models; the ditharpult

apart models. Majority of theearly models were rpposed bagk on a rifted origin
beginning withKing (1950) which proposed the first hypothesis on the origin of the Benue
Trough, considering it as a rift opened in response to the breakup of Gondwanaland. After
the development of the plate tectonicsottye Stoneley (1966) and Wright (1968) proposed

a graben origin related to a readjustment of the African plate after the Cretaceous opening
of the Gulf of Guinea. A sea floor spreading model was even put forward by 8uske

(1972) for the southern pgaof the Trough. Grant (1971) and Thiesseind., (1979)
proposed a threarm rift model in which the Benue Trough is an aulacogen. These models
invoked stretching on a continental scale for the opening of the Benue Trough, comparable
to that seen in thEast African Rift system. More recently, an alternative model (Benkhelil
1982; Benkhelil & Robineau 1983) incorporates a transcurrent movement initiated on the
continental extension of the Equatorial transform faults, the Benue Trough being the result
of the juxtaposition of pulapart basins along stridgdip faults. All of these models are
based upon a fault framework with a MV trend. The rift models assume that normal
faults bound the structure while in the second hypothesis an axial network ofspike
faults should act in a sinistral way. These interpretations are based on general features of
the Trough and areommonly not supported by precise field data. Landsat and radar
imageries (Popofét al, 1983) clearly show prominent NEW lineaments, minly in the

Upper Benue area. The majoreomvhich cuts acrossthe Kaltungo Inlier affectdoth
sediments and basement. Theayried out structural and micsgructural analyses on the

fault rocks from this lineament. The aim was to define the mode dlifriicturing of the

basement, the nature of deformations, the paleostress fields, as well as the chronology of
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the tectonic events, based on the behaviour of the Kaltungo lineamentofakdt Their
main objective waso explain the role of these NEW lineaments within a model for the

opening of the Benue Trough.

The pullapart model which is the manifestation of stritip faulting can be integrated into

a more regional view of the west and ecah®frican rift systemsAccording toFairhead

(1988); Fairhead andsreen (1989), the Equatorial Atlantic in the early Cretaceous was
considered to be a transform boundary, and not a constructive plate boundary as proposed
by Burkeet al, (1971, 1972), Burke and Dewey (1973) and Burke and Dewey (1974), with
Africa and South America sliding past one another. This assertion has been ascertained by
proponents of the rift model.g. Grant (1971) who proposed that the triple junction at the
southern end of the Benue Trough was arfiftfault triple junction, wih the faulted
segment represented by the Equatorial Atlantic. The Equatorial Atlantic subsequently
opened into a true ocean, and the transform faults are presently active mainly between the
segments of the midtlantic ridge. In addition the transfornaults in the Equatorial
Atlantic extend up to the West African coast, and during the Cretaceous they also affected
the continent itself. The two major strikép zones were the Benue Trough and the
Central African Shear Zone which, according to Guirand ®aurin (1991, 1992), are
regarded as ancient shear zones reactivated during the Cretaceous. The Central African
shear zone is the extension on the African plate of the Pernambuco fault in Brazil, exposed
as the Foumban shear zone in Cameroon. Transfmvements were transmitted into the
African continent along these ancient shear zones (Benue Trough and Central African shear
zone) as sinistral and dextral stA&p movement respectively. Rift basins extend
perpendicularly from these shear zones i east Niger rifts extending from the line of

the Benue Trough and the Sudanese and Kenyan rifts from the Central African shear zone
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thereby constituting the West African Rift System and the greater part of the Central
African Rift System respectivel¥dithead, 1988, Binks and Fairhedd92).

From allthe models proposemboveby several authors on the origin and history of the
Benue Trough, this work agrees that the origirthe Benue Troughesuls from the
combination of rifting and as well as sitral strikeslips faulting.

2.6  Palaeogeographic History of the Benue Trough

There was almost a continuous deposition in the Benue Trough from Albian to
Santonian Burkeet al, (1971). Paleogeographic evolution of the Benue Trough was
directly controlledby the opening of South Atlantic during the early Cretaceous and
then the Late Cretaceous transgression Benkhelil, (1989). Sedimentation in the Benue
Trough can therefore be traced as far back as Albian in the Cretaceous period through a
series of transgsssion and regressions which persisted up till the Paleocene and Eocene
and this can be partly or wholly linked to global sea level changes (RepmeTtait,

1972).

2.6.1 Albian Transgression

The earliest record of marine transgression in the Upper BErmwgh was in Albian.
According to Mascleet al., (1988), final continental separation of Africa and South
America occurred along the Iveyost Guinea transform margin during the Late Albian
to Early Cenomanian. The first marine penetration of the B&naiggh coincided with

or immediately preceded the establishment of thregmhg seaway between the South
and Equatorial Atlantic@eans (Zaborski, 2000). Receavidence indicates that during
the Late Albian, the sea shoaled in the poorly understoodautia of Bashar (Zaborski
2000). There are suggestions that it extefaisher north, where it is represented by

argillaceous beds in the lower parts of the Bima Group (Cattat, 1963; Cratchley
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and Jones, 1965; Ayoola, 1981MHowever, Allix (1983)termed theshale dominated

horizons tobe of lacustrine origin wittages ranging between Late Aptian to Middle

Albian. In the Upper Benue Trough, the Middle and Upper Albian is represented by the

AMi ddlIl eo and AUpper o ABi ma B)a whitls tvaren e 0 (
deposited in fluvial systems discharging into the Benue sea (Jones, 1961; Ayoola, 1981;

Allix, 1983, Guiraud, 1990a; 1991a).

2.6.2 Late Albian to Cenomanian Regression

A gradual regression from the interior of the Benue Trough started dhengter part

of Albian (Offodile, 1976).In the Upper Benue Trough, the greater part of the
Cenomanian is represented by the Yolde Formation which contains dinoflagellates and
arenaceous foraminifers at various stratigraphic levels (Lawal, 1982; A4B3). At

one l ocality, t he upper part of t he i Ur
dinoflagellaes, from beds that were assigned a late Albian to early Cenomanian age

(Allix, 1983).

The Yolde formation is precisely dated; its upper part is relatedigaiheto the Late
CenomaniartransgressionHowever, possibléntermittent marginal marine conditions
affected the Upper Benue Trough during the early and Middle Cenomanian, where the
sea was advancing into the region frtrma north through the east Nigafts (Zaborski,

2000).

2.6.3 Late Cenomanian to Early Turonian Transgression

According to Zabaki (2000, marine Upper Cenomanian to Lower Turonian
sediments occur throughout the Benue Trough (but are unknown on the Calabar flank at
least in outcrop). In the upper Benue Trough they are represented by the Dukul

Formation in the Yola arm and tli&anawa Memberof the Pindiga Formation in the
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Gongola Arm (Carteet al, 1963; Zaborsket al, 1998). fiThe Kanawa Memberand

Dukul Formation comprise ohsles with limestones horizons (Zaborski, 2000).

2.6.4 Middle Turonian Regression

The uppermost Lower and Middle Turonian are represented by fluvial and littoral sandy
facies, the Gulani, Dumbulwa and Deba Fulani Members of Pindiga Formation
(Zaborskiet al., 1998). Regressive conditions were less pronounced in the Yola Arm
where the essentially argillaceous Jessu Formation is of Middle to Late Turonian age
(Allix, 1983). The Gulani Formation includes a basal part comprising Kanawa

Formationi type shalesind thin sandstones with Thalassinoides burrows (Ayok, 2012)

2.6.5 Late Turonian to Coniacian Transgression

Marine Coniacian beds occur throughout the Benue Trough and in the Calabar Flank
(Zaborski, 2000)The Sukuliye (Sekule) Formation and Numanhal&hepresent open

and more restricted marine Coniacian conditions respectivetiie Yola arm, while
Basin marine Coniacian sedments occur in the lower part of the Fika Member of the
Pindiga Formationn the Gongolaarm (Carteret al, 1963; Petters, 187 Allix, 1983;

Zaborskiet al, 1998).

2.6.6 Santonian

The Benue Trough Apropero was i nv&8Md ed du
as a result of global plate reorganization (Guiraud and Bosworth, 1997). This event also
affected the East Niger riftwhere folding took place and the Termit, Tefidet, Tenere

Grein and Kafra rifts became isolated from one another as a discrete structure (Genik,

1993). The Santonian compression appears to have severed their link to the Gulf of
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Guinea. An interval of erasn followed in the Benue Trough where Lower and Middle

Campanian beds are unknown (Zaborski, 2000).

2.6.7 Late Campanian to Maastrichtian Transgression

During the Late Campanianvhen a renewed phase of rifting took plaSedimentation
resumed in the Brie Trough (Popofét al, 1988; Zaborski, 1998), and also in the east
Niger rifts (Genik, 1993). In the Gongola Basin, the Fika Member contains Campanian
beds with dinoflagellates and arenaceous foraminifers (Lawal, 1982; Allix, 1983). A
juvenile Libycaceraswas described from near Gombe in the Gongola Basin of the upper

Benue Trough (Reyment, 1955; 1980).

The Campandaastrichtian cycle began with transgression which created a trans
Saharan migration route fdribycoceras flooded the Benue Trough antdosved the
genus to colonize southern Nigeria from the north (Zaborski, 2000). The available
evidence suggests that prior to the rmithte Campanian, the EaistNiger rifts had a
marine connection to the North but a link with the Gulf of Guinea then clee®] rei

establishing the TrarisSaharan seaway ( Zaborski, 2000).

Late during the Campanian the Benue migration route was severed, initially perhaps by
hypo saline conditions developing in the middle and upper Benue Trough and
subsequently by the infiilhg of these areas by the Maastrictian fluvideltaic Lafia

Formation and Gombe Formation respectively (Zaborski, 2000).

2.6.8 Palaeocene Transgression

According Zaborski (2000), the final transgression which affected Nigeria was of Late
Paleocene ageThe transgression affected part of the southern Nigeria where the Imo Shale

was deposited in the Anambra Basand eastern Benin Basin amal the west, is the
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limestone of Ewekoro Formation which is a partial datteequivalent of the Imo Shale
(Zaborskj 2000). Also in the lullemmeden Basin, Paleocene transgressive deposits occur as
the Kalambaina Formation (Kogbe, 1979; 1981; Dikouma, 1994). In the Gongola Basin the
continental KerrdKerri Formation represents the Paleocene, at least in part (Adegake

1978.

2.7  The Upper Benue Trough

2.7.1 Introduction

Earlier published workson the upper Benue Trough and southern Borno Basin were
undertaken by Falconer (1911), Jones (1932), Raeburn and Jones (1934) ancttBarber
(1954) However, most othe later works were built upon that of Cartet al. (1963).
Detailed information on the upper Benue Trough has been provided through the work of
Allix (1983), Benkhelil (1985; 1986; 1938Popoff (1988), Guiraud (1989, 1990k991a,

1993) and Zaborskit al. (1998)

The review of the wgin and evolution of the linear megdructure (Benue Trough) were
provided by Bekhelil (1989) Carteret al, (1963) produced the foundation work of the
geology of the Upper Benue Trough. They referred to the areadretive Yola arm and the
Gongola arm as the fAiZambuk ridgeo a Zone
SW trending sinitrial strikg slip faults. Maurinet al, (1986) carried out structural and
microstructural analyses on the fault rocks from tredthgo lineament with the aim of
defining the mode of initial fracturing of the basement, the nature of deformations, the
paleostress fields, as well as the chronology of the tectonic events, based on the behaviour o
the Kaltungo lineament fault rocksidHmain objective was to explain the role of these NE

SW lineaments within a model for the opening of the Benue Trough.
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The basic lithostratigraphic successions for the Gongola Basin were established by
Carteret al, (1963) modified by Popofet al, (198), Zaborskiet al, (1998) and

Hamidu et al, (2013) Carteret al, (1963), Allix (183), Popoffet al, (1986)

recognised and described a threefold subdivision of the Bima Group. Guiraud (1991a)
provided the most detailed account of the Bima Group.riEimee Yolde Formation was
proposed by Cartestal,( 1963) for the Atransitional be
and the Pindiga Formation. Cartdral, (1963) described the Gombe Formation as been

an estuarine deposit, Dike (1995) reported some co@dmimn the upper part of the

Gombe Formation encountered in borehole penetrating the subcropping part of the unit.

The Kerrii Kerri formation was desibed by Dike (1995). Figur& shows thehe

location of the onshore mud volcanoespoavious work doney Benkhelil (1985)

2.8  Stratigraphic Successiorof the Upper Benue Trough

According to Zaborsk{1998), thestratigraphic successiaf the Upper Benue Trough,
consists of Early Cretaceous continental clastics and a dominantly marine Late
Cretaceous ucession The later sediments accumulated during a Late Cretaceous
thermaotectonic sag episode as a result of transgressive andsiggrepisodes arithe

youngest Cretaceous deposits accumulated during a renevase ph rifting. The

thickest sedimestrecorded in the Benue Trough were believed to have been deposited

in rhomb grabens or pu#lpart basins with sinistral strifsdip borders trending N40°E to
N7O0UE (fAiBenueo trend) and nor mal borders

(Guiraud, 1990b)

Ther e was a dufAngehe termihal durassit ta gadiest Cretaceadien
local depressions were thought to have developed in association with distension along

NE-SW trending faul ts (Popof f, 1988) . Su
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sa ndst a hundreals of metres thickpcluding boulders of very large size were
deposited as a result of a®Nextensional phase and which may have produced-We E

Yola Arm and the small northern Cameroon basins during a Neocomain to Barremian
Nnerifto stage (Popoff, 1 9 8b§ magmatidmiinsthe B8uraslgka wa s
area where lava flows have yielded ages close to the Jura§sitaceous boundary

(Popoff, 1988).
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Figure8: Geological map of the study area showing location of the mud no&s by the
author (modified after Benkhelil, 1983 xplanation: X Neogenic volcanics; QAlluvium; 3¢
Gombe Sandstone (Maastrichtian );c4Dukul Formation (the lowest member of Pindiga
Formation, Turonian; 5¢ Pindiga Formation(TuronianSenonian);6 ¢ Yolde Formation
(Cenomanian); % Upper Bima Sandstone (Albian)g&recambrian basement rocks (mainly
granites) of Kaltungo inlier; @traces of bedding; 1Q faults and fault zones; 14 location of
mud volcanoe
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ASyn ft éxigteddomaBgremian to Middle Albianwhen the rate of subsidence
due to crustal extension increased giving rise to larger elongate basins (Popoff, 1988).
These basins were believed to be the sites of lakes which temporarily merged to create a

system of righalkesd nperhaps occupying the

(Popoff, 1988).

According to Pompiofftt I(I1®8@BHhasa thdoeygkh pl ace
Albian in response to further crustal stretching, giving way to a sag stage of basin

developnent during the Cenomanian. The rates of subsidence were greatly reduced and

crustal extension now ceased.

Table.t Lithostratigraphic subdivision of the Gongola Basin as proposed by Zakoedki
(1998), Popoff et al., (1986) and Carter et 41963).

ZABORSK| et al- (1998 ) CARTER et al. {1963) POPOFF et al. (1986)
i GONGOLA TROUGH
GONGOLA BAAIN : ZAMBUK RIDGE | CHAD BASIN | |(Pindiga-Gembe) (Gongila-Gombe)
Zambik Rn:isc Ashea.
Chad
. : PLEISTOCEN
PLEISTOCENE Chad Formation formation ‘-PSOEENEE
PO «ww »
Kerrs i PALEOCENE arr . T : MIOCENE
Kerri Ker:.Fot;maﬂon (ttieastin part) Kerri Kerri Formation Kerri Kerri formation BRIESCRHE
—MW
Gombe Sandstones MAASTRICHTIAN Gombe Sandstones fomte S e t‘— MAASTRICHT AN
f CaMPANIAN Pindiga ) ) CAMPANIAN
{J/RZZZ;‘Q Formation Fika Shales Fika
Fika LS LA L] SANTONAN ln_:\ud‘\gg o -y SANTONIAN
Pindisa Maember Gulan: Sandstene Pindiga ales
formation CONIACIAN CONIACIAN
Formation
———————— PP v
PumbulwalGulani/ 1 = —
Doba Fulani Member MIDPLE [TURGRIAN . ; M TURONWHN
Gongila Gongila  [—
Kanawa NMemper LOWER formation Formation |L
v
Yolde formation CENOMANIAN | Yolde Formalion ) [ CENOMANIAN
—_—— T —————— Bima Sandstenes Yolda Fovnation T
e Bmafomsior’ [ == e
“Mid dlg Bima Formation' Bima Sandstones L
BiMy [ CCE T T . PTAN U APTIA
GROU? unconformity g
, : Sy “unconformity
Lower Bima Foimalort pre-APTIAN
v ¥ VYolcaniecs vy Yy JURASSIC
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The stratigraphic succession in the Yola and Gongola branches are slightlyntliffere
The details are explainedas propbgeCarteret al, (1963), later modified by Popo#t

al., (1986) andZzaborskiet al, (1998)(Table 1.

2.8.1 Bima Group

This Group consist of the Lower, Middle and Upper Bima Sandstone formations
(Guiraud, 1990b) with a regional unconformity separating the Lower Sandstone

the younger beds (Figurg.9Lithostratigraphic sequence in the Gongola Basin begins

with the thtk lower Cretaceous Bima Group, a basically fining upwards continental

succession reaching an overall thickness of several km.

distal braided
river deposits

FORMATION

MIDDLE 1000 foimes i e
BIMA 2
FORMATION

proximal braided
river deposits

palustrine deposits

proximal braided
500_; river deposits
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o
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o] cross-bedding
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matrix-supported ——~—— unconformity
debris flow

Figure 9 Generalized lithostratigraphic profile of Bima Group (Zaboetkil., 1998, modified
after Guiraugd1991a).

32



According to Zaborski (2003), the entire unit represents active rifting to early
thermotectonic sag stages of basin development. Gatrigh, (1963), Ojo and Pinna

(1982), Allix (1983) and Guiraud (19801991a) have variously described thensa

Group. The description of the Bima group given @uiraud (1990b; 19%) (Figure

12) is accurate and comprehensi¥aborskiet al. (1998) also agreewith Guiraud

(1990b; 1994) i nf or mal subdivision of the 8nta

AUp@Beéma for mati onso.

The ALower Bima Formationo

The Lower Bima Sandstone (AB10) is a highl
to over 1500 m and with age limits between terminal Jurassic Early Albian.

Lithofacies distributions were controlled Byn sedimentary tectonics which created a

number of faukbounded sulbasins within which marginal alluvial fan / distal debris

flow deposits pass laterally into fining upwards fluvial cycles and aceqd into

lacustrine deposits comprising of interbeddddys, finei grained sandstone and

calcareous bed¥éborskiet al, 1998).

The AMi ddl e Bima Sandstonebo

According toZaborskiet al, (1998), he Mi ddl e Bi ma IiSawddlgt one
distributed, fairly uniform unit made up of finirigupward cyclesach 5 10m thick.

Trough and tabular crogsbedding characterises the sandstones in the lower part of
each cycle, thin clays and palaeosols occur adbwgarks the transition from the active

rifting to thermotectonic stage of basin development withiekness ranging between

100 to 500 m. These deposits were regarded as of proximal braided river origin.

Guiraud (1994) assigned a Late Aptian or Albian age.
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The AUpper Bima Sandstoneo

TheUpper Bi ma S a isdsdsfdirlp hoenogénéuB, Ialajivelynature unit
comprising of carse to finegrained sandstones characterised by tabular etmssding

with laterally extensive sets a few tens of centimetres to few metres thick. Convolute
bedding and overturned creBsdding are also common. The averdgekness is about
500m with maximum, in the Lamurde anticline, of 1200m. The Upper Bima Sandstone

represents a distal braided rivaigin (Zaborskiet al.,1998).

2.8.2 Yolde Formation

The Yolde Formation has been described in the Yola arm by Carér(E263) and

Allix (1983) and in the Gongola basin by Zaborskial (1998). It consist largely of
alternations of coarse to fifegrained, cross bedded or ripple bedded sandstone and
grey to greenish shales. Thin limestones or calcareous sandstonesspacially in its

upper part where oyster beds are comnidre formation fines upward chanrielilling

coarsei grained sandstone with trough crds®edding occurring in the lower part,
thinly T bedded, medium to firiegrained often bioturbated samaise appear higher up.
Yolde formation gives rise to a subdued topography, often with sparse vegetation cover,
and is poorly exposed in most part of the Gongola Basin though the unit occupies the
core of a gentle anticlinorial structure between Kubtog&tiaaji Ruhu and Ruwan

Kuka and a good section occurs northwest of Ruwan Kuka (Zaberski, 1998;

Figure 1Q. The Yolde Formation reaches a maximum thickness of about 200 m but
shows considerable lateral facies variation (Zaborski, 2003). It has atge bebween

Late Albian and Late Cenomanian (Lawal, 1982; Allix, 1983; Lawal and Moullade,
1986; Zaborski, 2003). Cartet al. ( 1 9 6 3) defined it as the

shales. Allix (1983) used the appearance of thick, laterally continuous skstorsilty
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shales or the base of a marker horizon comprising greenisli fineined sands with

disturbed cross beddirigund in parts of the Yola arm.

top not sean

Fing 1o coarsa-grained, cross-laminated,
rippla-marked and bioturbated sandslonas
In bade 10-40 om thck; and thin
argillaceous bads. Groove marks on upper
surlaces of soma sandslones

Coarsa and madium-grained sandstanas in
bads about 30 om thick

Coarsa-grained cross-baddesd sandstona

Interbadded clays, sills and sandstones,

Coarse-grained trough o oss-bedded
sandsione

Poarly exposed sequence ol about 60 m

ol alternating sands, sills and mudsionas.
Mudsicnoes bequantly with prominent Coarse-grained cross-baddad sandstona
dosiccabion cracks on upper surfaces

Gray midstona.
Coarse-grained cross-beddaed sandsiona,

/ Gray mudsions
R T T T T TN y
Rippde-marked. modivm-grained

_— sandsiones in beds 30-40 cm thick and
showing some cross-bedding

TS ~_;_-;-<_'-k-_;‘-\+@

Fining-upwands sandstone wilh arosional
=~ base. Very coarse-gained with day
pabbles &t base

— Gray mudstiona
Coarsa-grained cross-badded sandstone.

NN
T Gray mudstona

= T~ Cross-beddod and eross-laminated
sandsiones in beds 5-30 om thick

-\"“\-.._ Gray mudstona with prominent

dasiccalion cracks on upper surace

base not seen

Figure 10 Section of Yolde Formation; exposed 750 m north of Ruwan Kuka (afterdet
al., 1998).

Zaborski (2003) described the argillaceous deposits in the lower portion of the
formation as the upper parts of finbgwards alluvial cycles and in most cases

showing evidence of subaerial exposure represented by mud emadkgedogenetic
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features. According to him, going upward, the formation passes into a succession of
more regularly bedded fingrained sandstones (sometimes bioturbated), calcareous
sandstones and shales, sometimes with lenticular bedding, and toward® the
fossiliferous calcareous sandstones the fauna being dominated by oysters. He
interpreted the unit as representing a transition from fluvial to littoral to shallow sub
littoral environments; with its upper part marking the beginning of the majte La
Cenomanian transgression that affected the entire Benue Trough and large parts of the

Saharan region, with more open marine the distal part of a southerly advancing seaway.

2.8.3 Pindiga Formation

The name APi ndi ga For mat iebalp (1968a for ther o p 0 s ¢
ACal careous Bedso and ACI ay/ Seta.,l(I®Aplt pr evi
makes up thergater part of th&pper Cretaceous deposits in thygpe Benue Trough.

In the Gongola Basin, the Gongila Formation and the Fika StafleCarteret al,

(1963) are the equivalents of the Pindiga Formation while in the Yola Arm, the Dukul,

Jessu and Sekuliye formations, the Numanha Shale and Lamja Sandstones @t Carter

al., (1963) are the lateral equivalents of the Pindiga Formatiahdikiet al.,1998).

Zarboski et al, (1998) subdivided the Pindiga Formation into five members; the
Kanawa Member (mainly shale and limestone), followed by lateral lithofacies
equivalents, the Gulani, Deba Fulani and Dumbulwa members (mostly sarsitslepo
occurring in the middle part; and above, the Fika Member which is marine and mainly
argillaceous. Detailed descriptions of each member by Zabetski, (1998) are

provided below.
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Kanawa Member

According to Zaborski et al, (1998) the Kanawa Mena is the equivalent of the
Kanawa Formation of Thompson (1958), a succession of shales and intercalated
limestones outcropping around Kanawa to the east of Gombe. Thompson (1958) did not
designate a type section for the unit &@aborskiet al, (1998) reported numerous
exposures in the Kanaw2ebe Habe area, foexample the sectionFigure 11.
According to them the most complete sections occur along the Pindiga stream (the type

section of Pindiga Formation of Cartgtral.,1963) ad in the Ashaka Cemeqtarry.

=)  Hard bioclastic limestone

— Rubbly oyster-rich limestone

- ™ Crystalline limestone

Oyster-rich limestone

Marl with gypsum

=3 Marly limestone

S Rubbly limestone with more
crystalline limestones above
and below.

-1 > Hard nodular limestone

=R

Rubbly limestone with gastropods
Hard nodular limestone

Hard crystalline limestone

Figure 11 Pindiga Formation (Kanawa Member) Stream section at the base of the unit exposed
4km east of Kanawa (After Zaborgti al, 1998)

This unit was deposited during the Late Cenomanian to Early Turonissyitegsion

that affected the entire Benue Trough and also the Saharan region to the north (Busson,
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1972; Reyment, 1980; Meistet al.,1992). Its agesquivalent in the Yola Arm is the
Dukul Formation which has a similar lithology of shaly mudstones witkrcéalated

limestones (Cartest al.,1963; Zaborski, 199&aborskiet al.,1998).

The Kanawa Member provides an excellent stratigraphical marker horizon between the
sandy units above and below, and in most places the shaly component weathers to

distinctive black, cotton soil which is heavily cultivatéthborskiet al.,1998).

Gulani Member

Carteretal.,( 196 3) proposed the name #AGul ani Sa
Pindiga Formation. This is unit was treated in the same way by Zalmbrakj (1998)

who, identified a reference sectiorest of Maliyacompising from top to bottom o25

m of granule stones and very coarse to cegramed sandstoneshowing cross

bedding with sets thaare up to 4m thick. Alsoc20m of poorly exposed iercalated

pebbly sandstones wifturple aad white laminatednudstonesand10m of very coarse

grained, pebbly crodsedded sandstones with setsi580cm thick(Figure 13. Ayok et

al., (2014) upgraded the Gulani Member to a formational status and proposed a

lectostatotype nortkeast of DogofZaga.

Debai Fulani Member

Zaborskiet al.,( 1 99 8) proposeBultaei nenmb éirDéee bfaor t
occurring in the middle part of Pindiga Formation over most of its outcrop. According

to them the unit passes lateyalhto the Dumbulwa Member south of the Dumbulwa

Bage High and crops out over large parts of the plain west of Gongola River though its
limits are difficult to determine due to extensive superficial alluvial cover. The outcrop

of the Deba Fulani Member sth of Deba Fulani is expressed by a low ridge of

undulating topography where it weathers into a thin, red lateritic soil with regolith of
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boulders and pebblyized fragments of dense and flaggy ironstone (Zabetshil.,

1998). Zaborsket al, (1998) poposed a type area west of Deba Fulani (in streams)
with limited sections of interbedded1® cm thick sandstones and siltstones; additional
exposures that represent reference sectionar@itj occur in rivers that cut across the
outcropping part of DebFulani to the south. The unit was estimated to be about 200 m
thick between Sabon Gari and Batungo thinning to the south and wedging out south of
Kumo. The unit is of coastal and shallow sublittoral origin though in places contains

channeffilling sandgones of probably fluvial origin.

Granulestones and coarse to very
coarse-graine« sandstones
showing cross bedding with sets
up o 4 metres thick. Foresets very
evenly develop-ed Pebbiy layers

* along bases of sets and in places
along bases of foresets

About 20 metres poorly exposed beds.
Intercalated pebbly sandstones and
purple and white laminated mudstones

Very coarse-graned, pebbly
%] oross-bedded sandstones with
sets 50-60 centimetres thick

5y Large-scaie cross-bedded
coarse and very
coarse-grained :andstone.
Very coarse-grained, pebbly
crass-bedded sandstones.

Figure 2: Pindiga Formations (Gulani Member).Section exposed 500 m west of Maliya in
eastern limb of Jana syncline (After Zaborskal., 1998).

Dumbulwa Member

The ADumbul wa Me mb eed by Zabsrskiet al.)n(B968¢ formrunitp o s
which appears to be the same as the upper sandstonel e porti on of

For mat i onetalp(I963C Atrthe #oot of the Dumbulwa Hills, this unit has a
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deeply erosional contact with the Kanawa Mem{Zaborskiet al., 1998. Numerous
partial exposures of the Dumbulwa Member showing finipgiard cycles (Figre 19

occur in the Dumbulwa Hills which was proposed as the type area of the unit.
Additionally, in the vicinity and to the south of Bage, thembulwa Member contains
coarse grained, feldspathic, tabular crboedded sandstones. Chanfilihg sandstone
bodies up to 3 m thick and 20 m across cutting though sequences of thinly bedded fine

grained sandstones and laminated silty sandstone alsoleae (Zaborsket al.,1998).

Bmg———

Ripple-marked, medium-grained

S A

- e J highly sandstones
j HESH e
—_——

Coarse to medium-grained
regularly bedded sandstones and
silty sandstones with some
cross-bedding. Some silty
shales.

Sandy shales and thin
sandstones.

Trough cross-bedded
coarse-grained sandstone. Coarse-grained pebbly
sandstone with erosive base
Medium-grained sandstone in

-\  upper part. Some cross-bedding
e towards base.

25"

S |
ol
S~ — Shale and sandy shale

Medium-grained micaceous

\ sandstone.

= Sandy shale

Very poorly sorted sandstone and
=™ silty sandstone with intense
burrowing. Some cross-bedding

20
Well bedded, ripple-marked
micaceous fine to medium-

grained sandstones.
Massive coarse-grained

sandstone. Bivalve moulds at

o8 ) ‘ Massively bedded very sand

NN [ coarse-grained sandstone

o “‘ Silty shale

Iternating regulary bedded
di d

S~ Shale

g
and silty shales and bioturbated
shales.

medium-grained sandstones.

e —— Alternating laminated micaceous
- sandstones and silty micaceous
shales.

—— Massive coarse-grained
e sandstone.
ek (/

Alternating shales, thin
sandstones and sandy shelly

Glauconitic. pebbly, shelly
calcareous sandstone.
top Kanawa

Member

= bivalves

Figure 13 Pindiga Formation (DebBulani Member). Basal section exposed in Ashaka quarry
(left), section exposed in the middle part of the unit, River Difa, Sabon Gari (right)
(After Zaborskietal., 1998).

The Dumbulwa Member reaches its greatest thickness of about 200 metres in the

Dumbulwa and Bage Hills. In the northeastern part of the DumbBlge High, it
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wedges out between Solare and Bularaba, while to the south and east of the Dumbulwa

Bage High, it apparently passes laterally into the Deba Fulani Member (Zabbadki

1998).

10m ~/‘

Laminated, cross-laminated

and small-scale cross-bedded,
fine to medium-grained often
highly micaceous sandstones
interbedded with grey and
purple siltstones and mudsiones
with plant remains.

Coarse to medium-grained
cross-bedded sandstones
with sets 10-50 cm thick.

-l Coarse and very coarse-grained
{ trough cross-bedded
granulestones and sandstones
with sets frequently >1 m thick.
Clay pebble conglomerates
common above erosional base
of unit.

Figure 14 Pindiga Formation (Dumbuluwa Member). Complete firipgvard cycle, Doro Hill
(after Zaborsket al,, 1998).

Fika Member

Zaborskietal.,( 1998) described the Fika Member

Carteret al.,(1963) and being the equivalent of the upper, shale, member of the Pindiga

Formation of the same authors.

The Fika Member reaches a thickness in exoégk60 m and comprises black shales,

with silty and sandy shales, siltstones, fgrained sandstones and carbonate beds at
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various levels (Allix, 1983). The unit was believed to represent a period of continous
deposition from Turonian to Maastrichtian Barteret al., (1963) and Lawal (1982).
Simpson (1954) indicated that the Upper Campanian is separated from the Coniacian
beds by an angular unconformity in the Lower Benue Trough. ZabetrsHi, (1998)

were of the opinion that a Santori@ampanian hias exists within the Fika Member.

The lower part of the Fika Member was thought to be Upper Turonian to Coniacian,
while the upper part has been dated using pollens and assigned a Late Campanian to

Early Maastrichtian age (Lawal, 1982; Allix, 1983; Lawall Moullade, 1986).

The Fika Member produces a low featureless topography, with its outcrop often
recognized from the black shrinking clay soil to which it gives rise. Zabetski,

(1998) reported that the unit is often concealed by sandy alluviakidgpmlerived from

the overlying Gombe Formation and Keierri Formation. No exposure of any
appreciable thickness was found for this unit and no type section so far has been
designated for it. However, Thompson (1958) and Allix (1983) described thes rwdtu

this unit from borehole records around Gombe.

Zaborskiet al., (1998) described the unit to be made up of shaly mudstones; dark grey
when fresh but weathering to lighter blgeeen to grey colours. There is a general
absence of macrofossils. Irregubands and lenses of gypsum rarely thicker than a few

centimetres occur.

2.8.4 Gombe Formation

The name AGombe hamrsmdtoi drhe oaarmree sipGooonpboes eFdo
by Carteret al.,, ( 1 96 3) for the AGombe grithlky and
Falconer (1911). Cartat al, (1963)interpreted the Gombe Formatias a deltaic and

estuarine deposit. According ®llix (1983),the GombeFormationhas an average
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thickness of 300 m. Lawal (1982) andLawal and Moullade (1986) assigned a
Maastriditian age to the GombEormationbased orpollens Dike (1995) recognized the
subcropping Gombé-ormationbeneath most of the Ketikerri Formation towardshe
west of the Gongola Basin, andlso identified coal horizons irthe upper part ahe
GombeFomationfrom boreholeshat penetrated thanit. Zaborski ¢ al., (1998) identified

threemajorlithofacies within the Gomb&ormation Figurels)

a) Basal transitional portion consisting of rapidly alternating thin beds of silty shales
with plant remainsfine to mediurmgrained sandstones and thin flaggy ironstones.

Bioturbation is common in this facies.

b) The fAbedded faciesd consisting of- extre
grained white and grey quartz arenites with interbedded silts, siltyatalyboth flaggy
and vesicular ironstones; channel filling sandstones and convolute bedding are

associated with this facies.

c)The Ared sandstone facieso, mai nly comp
though they are sometimes grey or white. Withins tfacies there is a sporadic

distribution of coarse to very coargeained, crosbedded channdllling sandstones.

The same authors deduced the palaeoenvironment of the basal transitional portion,
Afbedded facieso and nr e thic;,shallow, $ypasaliee; ahdaci e s

fluvial respectively.

2.8.5 Kaerri -Kerri Formation

The Kerri Kerri Formation has a thickness of about 320 m and comprises sands, grits

and clays deposited under a wide range of continental conditions (Adeigakel 986;
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Dike 1995). A probable age of Paleocene has been assigned to the formation (Adegoke

et al, 1978).

Figure 15 Gombe Formation, lithofacies recognizable within the Formation. a) Basal
transitional porda) ofnr e d )ascd nedsstith@ombkicftde G998 s 0

2.8.6 Biu Basalt

Carteret al, (1963) described the olivine basalts of the Biu Plateau as occuring as
extensive lava flows. According to Turner (1978), the Biu Plateau basalts represent two
major eruptive phases, thi an intervening period of weathering and erosion. The

Pliocene activity is characterized by an extensive lower group of thin flows covering the

area south of Biu by a thick succession of more massive lavas which are deeply eroded
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and therefore producedageau that is highly dissected. The Quaternary activity is
characterized by about 80 volcanoes concentrated along a88&\zone that is 50 m
long. Benkhelil (1988) reported that the associated volcanic cones are arranged-along N
S trending line in the vatern part of the plateau. According Wright (1989), the net
thickness of the basalts is around 250 metres. @taait, (1972) gave the radiometric

ages of these rocks from 5:®.2Ma to less than 0.8Ma.

2.8.7 Alluvium

Alluvium covers large parts of ¢hGongola and southern Bornu basins, notably the
plain west of the Gongola River and to the north of the DumbiBage High. The

alluvium has largely been reworked by the present draiffagek, 2012)

2.9 Structure of the Upper Benue Trough

Between theYola arm and the Gongola arm, is an area structurally characterized by
four major NESW trending sinistral strikslip faults, namely, the Gombe, Biriali,
Kaltungo and Burashika faults (Zaboraki al., 1998). In addition to these faults are
basement ilers, with the Kaltungo inlier being the most prominent (Zaborski, 1998).
Other authors used other names e.g Cettat,( 196 3) termed it the
Guiraud (1993) teal ednga hdaxee meNutyohi gho
termed it thed Wu y & a | t u n g @enkhelilgl®82) said that Laregrale folds
trending NESW, such as the Lamurde and Jarawa anticlinesctatitie Cretaceous
formations., major faults trending N30OE to N60OE such as the Kaltungo, Burashika and
Zambuk faults, cut tlmugh the sediments and extend into the basement. Another one,
the Gombe fault, sealed by the Upper Cretaceous Gombe formation, affects both the

basement and Lower Cretaceous rocks. Generally, these faults are well marked on the
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northeastern basin marginghereas they disappear progressively southward in thicker

sedimentary formations.

The overall trend of the Gongola arm is controlled by a series-8ftdl NNESSW
trendingfaults (Zaborsket al, 1998 Figurel16) while the Yola arm is characterized by
deep seated &V trending fractures (Benkhelil 1988; Maurin and Guiraud, 1989; 1990;

Braide, 1992).
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In Cameroun, the etgard extension of the Yola arm is the Garoua Basin which is
bounded at its eastern extremity by NS¥ trending strike slip faults (Maurin and

Guiraud, 1989; 1990).

According to Zaborski (1998), the major ENESW trending folds of the Yola arm,
including he Lamurde anticline and Dadiya syncline, have generally been attributed to
terminal Maastrichtian compression but they may be Santonian, as suggested by
Guiraud (1993) and more tentatively by Allix (1983he folding episodes associated
with the Middle Abian to Maastrichtian age generated the development of prominent
anticlinal structures which dominated the Benue valley. These features genetically
related, are separated into the Abakaliki, Keana and Lamurde anticlinoria in the lower,
middle and upper pes of the Benue valley respectively (Offodile, 198@)e Gongola

Basin is bounded to the north by the anticlinal feature of the DumkBé&ga High, an

area of positive structural inversion during the 1@iegttaceous (Zaborski al, 1998).

Folds axes inthe Gongola arm show dominantly\# and NS trends. The former are

in accordance with the regional pattern, while the latter folds are probably formed as a
result of local deviations of the stress directioms the domain of the M

transpessional fault (Zaborskiget al, 1998).

2.9.1 Faults

The Gongola basin has been suggested as a gsttwmturesforming a relay zone
between the Benue Trough and the BornGhad rift (Benkhelil and Robineau, 1983;
Benkhelil et al, 1988; Fairhead and Gmeel989;Guiraud and Maurin1991, 1992).
Benkhelili (1982; 1987; 1989) consistently pointed that the Gongola basin has been
greatlyinfluenced by sinistrial striké slip movement along the basement faults. He
believed that the Gongola basin was mainly cotedoby N15 trending faults close to

its western margin. The outcropping part of the Cretaceous Gongola basin naturally
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exhibits faults with three main trends; NESW, NWi SE, and N S, (Zaborskiet al,

1988).

The notable NESW trending fault is the Gobe fault which traverses the southern part

of the Gongola Basin. This fault is the most northerly of the four major sinistral-strike
slip basements that played a vital role in the Cretaceous history of the Upper Benue
Trough; the others include the Biri&li, Kaltungo and Burashika faults. They role of
these faults has been described in detail by Maetial, (1986), Benkhelil (1988;
1989) and Guiraud (1990a; 1991a; 1991b; 1998 group of NESW trending strike

slip faults was active from the earliefbges of Cretaceous sedimentation in the Upper
Benue Trough. The deposition of the Bima Group was partly controlled by extensional

or transtensionahovement along these fractur&ufraud, 1990b; 1993).

The faults trending NI S of the Gongola basin imlve sets of in the &e Hills and
south of BalbayaHowever form a group of offset fractures including the Mbuga, dJana
Ruwan Kuka, Wuro Ladd&/urin Dole, Panguru and Kashere faults (Guiraud, bR90
Maurin et al, (1986) described ¥ trends within thdvasement rocks of the Kaltungo
Inlier to the south of the Gongola Basin. They suggested that suelxiptimg fractures
may have played a role in controlling the shape of thegpalt basins thought to have
formed between the main NEW strikeslip faults of the Upper Benue Trough. The N
S group of faults are parallel to the general trend of the Gongola Basin (Zadtaabki

1998).

2.9.2 Folds

The directions of fold axes in the Gongola Basin show more variation than those in

other parts of the BenuErough according to Zaborskt al, (1998). Guiraud (1998
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1991 and 1993) described NS to 20 trending horizontal stresses trajectories for the

Cretaceous.

Folding is wide spread in the Upper Benue Valley and affects the whole Cretaceous the
whole Cetaceous sediemtary pile.The fold axes in the Gongola Basin are dominantly
E-W and NS trends; the BV trend is in agreement with the regional stress pattern
while the latter were probably products of local deviations of stress directions within the

N-Stranspressional fault zones (Zaborskal, 1998).

The major anticlinal structures of the Dumbulwa Bage hill and those between Titeba
and Bara display eastest trending fold axes, consistent witfS\horizontal shortening
(Zaborski et al, 1998). These structures mainly involve the Bima Group. The
DumbulwaBage High area was characterized by persistent uplift after the deposition of
the Lower Bima Sandstone. This is evident from the wedging out of the the Middle
Bima, Upper Bima and Yolde Formation, tatenuation of the Kanawa Member and

the well preserved erosional surface at the base of the Dumbulwa Member.

Fold directions in the more argillaceous upper Cretaceous sediments in the Gongola
Basin are much more variable according to Zaboeskil. (1998). Although the Bara
syncline displays a NSW axis, its main fold trends are®land more or less at right
angles to those typical in the upper Benue Trough. Some of these folds have linear axes
and are clearly symmetrical. According to Zaborskial. (1998), fold axes in the
Gongola Basin display dominantl\l# and NS trends; the former is in agreement with

the regional stress pattern while the latter were probably products of local deviations of

stress directions within the-N transpressional fautbnes (Zaborsket al, 1998).

The folding episodes associated with the succession of marine, continental and

transitional beds of middle albian to maastrichtian age have generated anticlinal
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structures which dominate the Benue valley. The features,icghetre related, and

are separated into the Abakaliki, Keana and Lamurde anticlinorial in the lower, middle
and upper parts of the Benue valley respectively. Each anticlinorium is associated in
almost the same geaglical setting, with hot and ablbrinesi springs, issuing from its
flanks. The occurrences include the Abakaliki brine fields in the Lower Benue, Awe,
Azara and Ribi brine fields of the middle Benue and the Ayaba and Todi salt springs of
the upper Benue. In all the occurrences, the brineskapgn to issue from the
geological formations deposited in environments transitional leetvpgedominantly
marine and continentanvironments, invariably of about Albian to Cenomanian age

(Offodile, 1984).
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CHAPTER THREE

METHODOLOGY
3.0 Introduction
The methodsused in the course of the study include@sk studyreconnaissance
survey, interpretation of satellite imagd®ldwork, laboratorystudiesand statistical

data evaluation/processing.

3.1 DeskStudy

Desk study: entails literatureiwey for previous work on mud volcanoes with emphasis
on onshore mud volcanoes from the internet and libraries, collation of maps from
geological survey agencies in Kaduna and Gombe and acquisition of satellite imageries.

3.2  Reconnaissanc&urvey

Recomaissance field mapping of likely areas of occurrence of mud volcanoes in
Nigeria lasted for one year (2012 to 201®pveringthe Upper Benue Trough, the
Middle Benue Trough,the Lower BenueTrough and the Niger DeltaPrinted
photographs of existing onste mud volcanoes served as a guide while interacting with

the natives and o0 ma d i csduinglthe courge of the reconnaissance

3.3 Int erpretation of Satellite Image

The satellite image of the area was obtained from Google Earth using the coomfinates
the study area. The imagegre interpretedlirectly on the computescreenn orderto
delineategeological structureas well as demarcate thighological boundariesvithin

the area of mud volcanoes occurrence
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34 Fieldwork

The fieldwork caried out in the study area is as follows:

Field mapping: The field mapping lasted for a period &our years (from 2012 to
2015. The mapping exercise covered Kaltungo sheet 173 (NW & SW). Geological
mapping of the area of the mud volcanoes was done uisingrses and the various
lithologies were identified with their boundaries delineated. Using gaeellite
navigator the position of each of the mud volcanoes was taken and annotated on the
topographical map. About 200 onshore mud volcanoes were docdnand their
distribution in relation to the geology was examined during the fieldwork.

The physical characteristics of the mud volcanoes were observed in the field using the
measuring tape ttake their dimension@.e. the height of the cones rangifrom halfa
metreto one metreand the diametdrom half a metreto eightmetresattheir base). The
observations wereecorded anghhotograpk weretaken.Finally, ArcGIS 9 was used to

produce an updated geological map using the acquired data.

The fieldworkwas done in four dry and two rainy seasons with an aveoagleof 108

days River channels and footpaths served as routes for the mapping. The fieldwork
work done aroundodi, Lallgpido, Kurum, Digga, Lakaturu, Gujuba, Jenye, Pamadu,
Laturu, Lashadar, akomji Ladikoltok etc. Lallaipido and Billiri were usedas base
camps.Each phase of the fieldwork was carried out by the researcher and a field
assistant who was fluent in Hausa and local languages of areas \uit@ag the

fieldwork, it was discoveuk that the natives and nomadic Fulani were well aware of
these mud volcanoes as they willingly offered assistance in locating them since they are
dangerous phenomena that have, over the years, sank children, goats and cows. They
cal l t hem ANi kKiGBooomoTang&hongon and AHuUr

meaning fisomething that swall owso.
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Sampling activity: A total of ten (10)samples from théJpper Bima sandstone and
Yolde Formatiornwere selectedrom different locations for sieve analysiEhe aimof

the sieve analysis was to determine particle size distribution and other grain size
parametes i.e. mean, sorting, skewness and kurtosis. Tensdplesone each from

dry mud and from overburden material selected from 5 fieldmsiiorenud volcanos

were carefully sampled The aim of XRihalysis was taletermine the mineralogical
composition of the dried mud ejected from the mud volcanoes as well as the overburden
materials within the area of the mud volcanoes occurrences with the view of comparing
their mineralogy. Finally, Fourteen14) watersamples were collectednefrom each

of the fourteen fields of mud volcanoes. The water samples for cationic analysis were

acidified to pH 2 with concentrated nitric acid at the point of collection.

3.5 Laboratory Sample Preparationand Analysis

3.5.1 Granulometric analysis(sieve analysis)

Sieve analyis was carried out on the sandstone sampgtech the Upper Bima
Sandstoneand Yolde Formation in the Department of Geology Ahmadu I&el
University, Zara. Ten samples from the Upper Bima sandstone and Yolde Formation

were selected frordifferent locations for sieve analysis.

Procedure The amples were soaked overnight in the laboratory, dried and carefully
disaggregated with the lpebf pestleand morta. The weight of the bottom pan, selected
empty sieves (1.8 mm, 0.6 mm, 0.3 mm, 0.15 mm, 0.075 mm and <0.075 mm) and 100
g of each disaggregated samples were obtained using a weighing balance. The sieves
and the bottom pan were fastened to a mechanickéshend the 100 g of the sample
poured on the upper sieve. The machine was switched on and allowed to shake for ten

(10) minutes. Sediment in each of the sieves and the bottom pan were weighed and
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recorded Precautions taken in the course of the sievdyaisaincluding taking care in

the separation of the sieves after shaking to avoid spill over of the retained sediments.

Precaution: During, the disaggregation of the samples, care was taken to avoid
crushing and grinding in order not to distort the oraishape of the grains. Results

obtained from the sieve analysis are presentedabwdar form in chapter five.

3.5.2 X-Ray Diffractometer (XRD) Analysis

A total of ten (10)samples one each from dry mud and from overburden material
selected from 5 @lds of onshoremud volcanoesvere carefully sampled. They were
labelled with identification shown in Table 2 angkntfor laboratory analysis at the

Faculty of Earth Sciences, University of Silesia, Poland.

Table2 The XRD sample pairs with description fiken from labels on sample containers

Location ID Sample ID
Lakaturu saprolite Smb5
Lakaturu mud slurry Sm 6
Lashadar saprolite Sm2
Lashadar mud slurry Sm3
Pamadu saprolite Sm7
Pamadu mud slurry Sm 10
Jenye saprolite Sm9
Jenye mud slurry Sm8
Kurum saprolite Sm1
Kurum mud slurry Sm4

The XRD data were obtained at room temperature for 5 samples of dry mud and 5
samples of the overburden. The XRD data v
PRO MPD PW 3040/60 diffractometer with Thdtaeta geometry. Measurements

conditions are provided in Table 3
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Table 3 X-ray Diffractometer specification

Parameter Settings
Cu Ko radiation §{=1,540598A)
Radiation
Ni-Filter to reduce the Kradiation
Acceleration Voltage 45 kV
Filament Current 30 M
Goniometer Settings 2,5%-65°
Step Size 0,008° ®
Counting Time 200 s
Detector X'Celerator- using Real Time Multiple Strip

detection technology

X-ray diffraction is a method that provides detailed information about the atomic
structure of cryilline substances. i a powerful tool in the identification of inorganic

phases such as metal sulfatesta} powder diffraction (XRPD), alternatively powder

X-ray diffraction (PXRD), got its name from the technique of collectinga)X
diffraction paterns from packed powder samples. Generallya)X powder diffraction

involves the characterization of the crystallographic structure, crystallite size, and
orientation distribution in polycrystalline samples (Bob, 2009).

The penetration of Xay beam isn the order of 200um for Cuk so the sample grain

size should be between 5 and 10 um. A careful grinding is important for the hydrated
sulfate material. Heat produced by prolonged motorized grinding can introduce changes

in the sample, so manual grindimg an agate mortais preferred. Samples that are
sensitive to air or humi di t ystantiaedvSample o be
Preparationo such as Kapton Foils with t
support. Sensitive substances can be also potanglass capillary. A mixture of
compounds gives a pattern that is made up of the patterns of all the individual
compounds. This allows the identification of phasethénsample by the Rietveld

method.
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The principles of XRD phase quantification is sdutheoretically: thdimitations on
accuracy are primarily experimental. Singleak methods usually result in accuracies
that areon the order of £10%. Careful use of multiple peaks and reproducible
proceduresnay reducehis figureto +5%.Whole-patternmethods (including Rietveld)
seemto produce accuracies thate +2% [5]. Rietveld analysis is a mathematical
method using analytical profile functions and lesgptiares algorithms to fit a theoretical

to a measured patternn order to perform a Rietvélrefinement structure data for all
phases present in the sample are needed (e.g. 1IG&&ganic Crystal Structure Data
Base). The determination of amorphous content of a sample with Rietveld refinement is
possible by addition of a crystalline standalge. An internal standard is mixed with

the sample after the grindind.he interpretation and quantitative analysis of the
collected data were carried out by means of the High Score + Software using the ICDD
PDF 4+ database version: 2013 and the ICSDbdataversion: 2007. The quantitative

content was calculated using the Rietveld method.

3.5.3 Water Analysis

Fourteen (14) watesamples were collectednefrom each of the fourteen fields of mud
volcanoes. The water samples for cationic analysis weidified to pH 2 with
concentrated nitric acid at the point of collection. The samples were adequately labelled
and refrigerated prior to analysis. TieenperaturgpH, total dissolved solids (TD$nd
electrical conductivity (ECyvere measured in the feeand compared with the analysed
physical parameters of the water samplealysis of collected samples wdeneat the

Centre of Research and Supervision of Underground Mining, Department of

Environmental and Natural Disaster Study,[Rdland using ICP OES method.

57



3.6  Statistical Data Evaluation/ Processing

Results of the granulometric analysis carried out in the laboratory were interpreted
using he cumulative frequency curvdsrom the cumulative frequency curves, critical
percentil es 05005, 0OO0715,, 008245 ,and 0U95) were
calculation of grain size parameters such as; graphic mean, sorting (graphic standard
deviation), graphic skewness and graphic kurtosis; the results of these parameters for
each of the samples weréttated in chapter fiveThe formulae for calculating these

parameters after Folk and Ward (1957) slvewn below;

Graphic Mean (2)

Mean (&) ¢16+¢20+ ¢84 ] _ ) (1)

This is the measure of the average grain dizmeterof the sediments.able3 below shows

the values and corresponding interpretations of the graphic mean according to Folkkdnd Wa

(1957);
Table 4: I nterpretation scale of graphic
¢ scale Interpretation
-1.0t0 0.0 Very coarse sand
0.0tol1.0 Coarse sand
1.0t0 2.0 Medium sand
2.0t0 3.0 Fine sand
3.0t0 4.0 Very fine sand
4.0t05.0 Coarse silt.

Graphic Standard Deviation (Sorting) (U0)

Standard Devi= 84— 16+ Ry P
4 6.6 - - - 2)

This is a measure of degreprsad of grain sizes about the mean and corresponds with the
standard deviation. The values for sorting and their corresponding interpretations according to
FoldandWard (1957) are given in Table 5
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Table &

I nterpretation

scal e

for Graphic

¢ scale

Interpretation

<0.35

0.35t0 0.50
0.50t0 0.71
0.71to0 1.00
1.00 to 2.00
2.00to 4.00
>4.00

Very well sorted (VWS)

Well sorted (WS)

Moderately well sorted (MWS)
Moderately sorted (MS)

Poorly sorted (PS)
Very poorly sorted (VPS)
Extremely pody sorted (EPS)

Graphic Skewness (ski)

Skewness (Ski)

®3)

$84-+ $16- 2450 _ §95+ ¢5- 2450

2(¢84 - ¢16)

2(¢95-¢5)

This is a measure of bias in the grain size distribution either towards the coarser or finer grained

end of the size range. Ribzely skewed samples have an excess of fine grains, negatively

skewed samples have an excess of coarse grains. The values for skewness and their

correspondingnterpretations according to Folk and Ward (1957) are given in Bable

Table 6. Interpretation scale of graphic skewness (Ski)

¢ scale Interpretation
>0.30 Strongly fineskewed
0.30t0 0.10 Fine-skewed
0.10 to- 0.10 Near symmetrical
-0.10 t0-0.30 Coarseskewed
>-0.30 Strongly coarsskewed
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Graphic Kurtosis (Kr)

$95 — ¢5
2.44(4 75— $25)

Kurtosis (Kr) =
- - 3)

This is a measure of flatness of the grain size distribution as it would appeasimpla
frequency curve. Flat distributions are platykurtic and peak distributionkegtiekurtic. The
values for kurtosis and their correspondinterpretations according to Foékad Ward (1957)

are shown in Table.7

Table 7: Interpretation scale of graphic kurtosis (KG)

¢ scale Interpretation

<0.67 Very platykurtic
0.6t00.9 Platykurtic
09to1.11 Mesokurtic

1.11to 1.50 Leptokurtic

150 to 3.00 Very leptokurtic

> 3.00 Extremely leptokurtic

Piper diagram and Schoeller diagram are graphical presentation of hydrochemical date
with resulting interpretationThe major ions concentration imilligrams per litre was
converted to milii equivalent fer litre (meqg/l) and usenh plotting the Piper trilinear
diagram(Piper, 1944) and Schoeller diagram (Schoeller, 1964). Statistical correlation
analysis was used to show the correlation betvleese parameterbta, K, Ca Mg, Fe,

Cl, HCO5, CO;, SO, andSio;,
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CHAPTER FOUR
RESULTS
4.1 Geology of theSorrounding Area of Mud Volcanoes
The geological map of the area is shown in Figureahdis composedlominantly of
the Late CretaceousuBcessioncomprising of theUpper BimaFormation, the Yolde
Formation, the Kanawa Member of Pindiga Formatiomnd volcanic basalt. The
geological map produced for the study areansntegration of those previous orads

Benkhelil, (1986, Guiraud, 1989 and Zaborsket al., (1998)

4.1.1 Stratigraphy of the study area

Upper Bima Formation: The Upper BimaFormation outcrops in about 25% of the
area of occurrence of mud volcanoes and covers the central;eastéin and the
southern partsThis unit is characterised by gently undulating and flat plains in
topograply. Towards the south of Todihe Upper Bima Formatiois charaterized by
tabular crosbedded sandstonsith sets that are a few tens of centimetesa few
metres thick (Plate )3 In hand specimenthe sandstone idairly homogeneous,
relatively mature greyish in colour, medium to coarse grained quartz arenite, having
angularto sub - angular grainsThe sandstone is predominantly quartz with little

feldspars and iron oxide resulting froneatheringactivities.

61



11°5'0"E A 11°100'E ].1"1I5'O"E

10°0'0"N

LEGEND

El Neogenic volcanics
Alluvium

- Gombe Sandstone (Maastrichtian)
Dukul Formation (the lowest member
of Pindiga formation, Turonian)

Pindiga Formation (Kanawa
member, Turonian-Santonian)

9°55'0"N

9°50'0"N

Yolde Formation (Cenomanian)

Upper Bima Sandstone (Albian)

Precambrian basement rocks (mainly
granites) of Kaltongo inlier

9°45'0"N

Mud volcanoes

@Warm springs

Faults and fault zones

arllm

Traces of bedding

9°40'0'N

Dip and strike of beds

Syncline

RiEED

N

Anticline

Stream

9°35'0"N

Settlement

RN

Roads

N

11°100"E = 681

6 Kilometres

i i 0 GKilometres B

Figure 17 The %eolpgical map of the area of occurrence of mud volcagmeslified after
Benkhelil, (1985) with the boundaries adjusted and mud volcanoes located on the
mapby the present author.
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Plate 2 An outcrop of Upper Bima Sandstone3Bat south of Todi village (N0 4 6 5 8 .
E1°07654. 50)

Plate 3 An outcrop of Upper Bima Sandstone (B 3) at south of Todi village showing tabular
crossbedding(NO% 46 58. fo7ano. €a .
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Yolde Formation: The Yolde Formatiorconsitutes more than half of the area of
occurrence of mud volcanoes and its outcropping in the central, north eastern and
southern portions. This unit is generally characterised by gently undulating topography
often with sparse vegetatiomhey are poorly casvolidated, fine to medium grained,
moderately sorted, sutmundedfeldspartic sandstone (Plat¢. &he Yolde Formation
shows convolute bedding (Plate) fJormed ly tectonic activity on soft sediments

deposited prior to lithification.

Pindiga Formation (Kanawa Member) The Kanawa Member of the Pindiga
Foramtionconstitutes less than 25% of theeaof occurrence of mud volcanoes and is
outcropping in the nortiwestern portion This unit usually formsflat topography,

characterized by outcrops of dark clajthwbeds of fossiliferous limestone (Plate 6).

Most often, the upper surfaces of the limestone shows Thalassinoides burrows (Plate 7).

Volcanic Basalts There are dark coloured, fine crystalline igneous rocks (batiadis)
intruded into the Bima Formatioand Yolde Formation in most cases. In topography
they form prominent hills in the study area and are of Neogene to QuaterndBlaige

8).
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Plate 4 Yolde Formation at Kurum showing flat lying outcrop of fine grained sandstone
N466 09. o4 am4. Ed)

Plate 5 Yolde Formation at Lakaturu showing convolute bed@h@f4 26 12 . 00
1°07642. 70)
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Plate 6 Kanawa Member of the Pindiga Formation at Kurum showing regoliths of fossiliferous
limestones with ammonites very evidéN09P46°15°4nd E01903°4 6 )

Plate 7 Kanawa Member of the Pindiga Formation at Kurum showing intense bioturbation of
thalassinoidgN09°46°15°4nd E01903°4 6 )
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