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ABSTRACT

Principal companent and regression analysis of geochemical data in sampled shale — carbonate sediments in Guyuk,
Northeastern Nigeria reveal enrichments of four predictor elements, Ni, Co, Cr and Cu to gypsum mineralisation.
Ratios of their enrichments are Cu(10:1), Ni(8:1), Co(58:1) and Cr(30:1) The >70% intercorrelations between these
elements plus 332% common factor loading and observed significant regression of Ca and Fe on Cu, Cr, Ni and Co

depicts strong
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INTRODUCTION

Shale |and carbonate rocks are common
favourable sediments associated with sedimentary ores,
including evapbrites. This is principally due to the
chemical nature of these sediments. Petrogenetically,
carbonates and evaporites (commonly referred to as
chemical precipitates) are closely related. These two, in
turn, closely associate with shale due to progressive
rhythmic carbomate sedimentation in regressive marine
environments [Wilkinson, 1982; Boggs, 1987) and
constituent clayey materials in the shale on which
evaporites (egpecially gypsum) get adhered to.
Repeated cycli¢ sequences of carbonate platforms are
deposited during the quiet standstill phases and thick
shale beds acdumulation, occasioned by the pervasive
low water engrgy conditions that follow periods of
flooding during eustatic upheavals (Boggs, 1987). These
“shorter-lived”, fluctuations in sedimentation conditions
'is known to 'influence chemical sedimentation in
evaporite basing through suspension mechanism, where
thin gypsum faminations (of only few millimeters
thickness) alterhate with dark-gray laminae of carbonate
and shaley rocks. Boggs (1987) suggests that the
alternating gypsum (light) and lithologic (dark-gray) pairs
of bands represent seasonal changes in water chemistry
and temperature during the cyclic disturbances. These
rhythmic sequences, which are observed in locations
within the Upper Benue valley, Nigeria (Fig 1) reveals
that the gypsum beds occur in shale strata adjoining
limestone beds|(Nfekim and Orazulike, 2003), especially
at Dukul, Gudenyi, Lakoro, Gunda and Lamza. Vertical
stratigraphic sequence examined along cuts on cliff
slopes and stre@m courses in the study area is typical of
carbonate sedimentation in marine environment (Boggs,
1987). The associated' carbonate rocks (calcareous
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sociation between these trace elements and process of gypsum mineralisation.

lintercorrelations, regression, factor analysis, predictor elements, gypsum, shale.

sandstones and limestone) with the shale attests to a
carbonated environment, a - necessary chemical
condition for gypsum mineralisation (cf. Evans, 1978,
Sonnenfeld, 1991; Uma, 1998). Probably the calcium
carbonate minerals were altered in the adjoining
limestone beds, and the Ca®* ions were subsequently
transported by the clay minerais mto the shale where
reaction with constituent free SO,” ions produced the
gypsum minerals.

Diagenesis of these typical marine chemical
sediments (carbonates and evaporites), involve the
breakdown and formation of various minerals and oxy-
acid salts. Chemlcally the ma;or catlons in these rocks
include ca®, Mg¥, Ba®, Sr*, Pb®, Fe*, Mn**, Zn*,
cu®, U%, Na and K whlch are easny soluble in water.
These especially the major- elements (Ca, Mg, Fe),
participate in a wide range of geological processes
during which isomorphic replacements between
constituent cations take place. Such replacement is very
pronounced in the various complicated sedimentation
(both chemical and biochemical) processes during the
formation of gypsum in enclosed sea basins (Milovsky
and Kononov, 1985; Boggs. 1987). The relative
concentrations of minor / trace elements, especially the
base metals, are commonly used in geochemical
exploratory studies to assess or delineate
mineralisation, most especially ore bodies. Trace
elements have great potential for use as mineralisation
indicators or exploration pathfinders. They usually occur
in trace amounts unless there is an anomaly hence; their
determination can help detect abnormal chemical
patterns, which may relate to mineralisation. In the
present study, some major and trace element contents
of the shale sediments were determined to examine
their relationship to gypsum accumulation in the rock
units.
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Fig. 1Location of Guyuk within the Upper Benue Valley
(Modified from Maurin et al, 1986)

I Omtemary-alluvimn: 2. Tertiary to Recent volcanics; 3. Kemri Kem Formation; 4. Gombe Formation,

5. Shale-timestone Formation: 6. Yolde Formation;

7. Bima Formation; 8. Burashika volcanics:

9. Undifferentiated Precambrian Basement. [Arean box is the Guyuk study area]

The purpose of this paper is to test statistically
the abundance of trace elements in shale — carbonate
rocks of Guyuk area in part of the lower Gongola basin
of Nigeria and to develop a framework with which the
likely gypsum mineralisation status of these rock types
could be assessed on the basis of the distribution
pattern of certain trace element contents.

Geology of the area

.. Several workers, including Opeloye (2002),
Ntekim and Orazulike (2003) have studied the geology
of Guyuk, the study area. Guyuk area (as part of the
Upper Benue trough) has been affected by wrench fauits

and E - W trending submeridian normal faults, and has
lithologic units that favour the formation of evaporites
(Zaborski et al, 1997; Uma, 1998). The Late Cretaceous
intense compressional earth movements, caused by
deep-seated flexuring in the crystalline basement rocks
determined the tectonic setting of the area (Carter et al,
1963; Benkhelil, 1986). Effects of these stresses
produced narrow localised incipient basins, into which
thick sedimentary sequences were later deposited. The
sediments include detrital Bima -sandstone, transitional
Yolde, marineé shale-limestone (Dukul, Jessu, Sekule
and Numanha) units and partially continental Lamja
sandstone, overlain by Tertiary Longuda basalts and a
Quaternary river alluvium.
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The marine sediments consist of thick sequences of

us and fossiliferous, and variously
in the study locations. Encountered

at Gunda, Lamza, Walu, Dukul, Gudenyi,

Bobini kuliye and Lakoro; shale - mudstone
alternati in Gwalura and Swenswithire; and sandy
shale - clay aiternations in Gwana. These associated
stratigraplic  sections reveal that Dukul, Sekule

enriched ip gypsum in Guyuk area (cf. Braide, 1992).

Pgincipal component analysis (PCA) and
regression statistical analyses were used to explore the
data andi establish statistical estimates of observed
elemental] distribution. Pearce (1976) suggests that
statistical ptudy of few analyses can be used to express
ical variation in geological samples from
particular pample locality. In this work, 46 shale samples
and sixt elements are used in the statistical analysis.
The samples were selected after eliminating from the
lists of ted samples, 10 outlier samples with much
higher comtents of the elements in relation to the rest of

the samples. Concentration values used for the various
analyses were log-transformed to reduce discrepancies
between the values.

Beus and Grigorian (1975) submit that the ore
producing (or mineralisation) potential in sedimentary
formations can be assessed by various criteria, including
abnormally high contents of principal metals, such as
that make up the mineral deposit of interest, their
association as well as increased variance in their
distribution in rocks. in this work, the abundance and
distribution variance of principal associated elements in
shale and limestone samples coliected from different
localities in the study area were assessed. These
include Ca, Fe, Mn, Cu, Zn, Ni,Co, Ba, Cr, As, Pb, Sr,
Bi, Br, Kand U.

RESULTS:

Table 1 shows the indicator elemental
concentration levels in the analysed shale - carbonate
rocks. The population distribution of the -relevant
elements obtained from histogram piots, the correlation
matrix from multiple correlation, PCA factor loadings and
multiple regression obtained from the data are displayed
in Figure 3 and Tables 2, 3 and 4. Most shale samples
have concentration between 425 - 52.5ppm Ca.
Fe(262.5 - '287.5ppm), Mn(1.5 - 2.5ppm), Cu(0.27

i
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0.43ppm), Zn(0.22 - 0.28ppm), Ni(0.47 — 0.53ppm),
Co(0.97 - 1.03ppm), Cr(2:38 — 2.62ppm), As(0.18 -
0.21ppm), Bi(0.13 — 0.16ppm). Average concentrations
of the minorftrace elements vary within locations from
2610 - 8920 ppm Mn, Cu(300 — 670ppm), Zn(210 -
850ppm), Ni(380 — 1020ppm), Co(910 — 1590ppm),
Cr(2250 - 4660ppm), As(160 —.300ppm), Pb(260 -
440ppm), Sr(790 - 3580ppm) and Ba(17750 -
31020ppm). In the limestone, mean concentrations of
the minor/trace elements vary within the range Mn(6300
~ 156030ppm), Cu(9820 - 29500ppm), Zn(310 -
1710ppm), Ni(630 — 1680ppm), Co(980 - 2560ppm),
Ba(18440 - 61340ppm), Cr(2510 — 7150ppm), As(190 -
570ppm), Pb(300 — 860ppm) and Sr(720 — 4550ppm);
and in clay samples, the average contents are Mn(1420
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— 7580ppm), Cu(270 - 600ppm), Zn(180 — 690ppm),
Ni(350 — 800ppm), Co(680 — 1450ppm), Ba(14720 -
33890ppm), Cr(1970 — 4460ppm), As(130 — 470ppm),
Pb(180 — 710ppm) and Sr(1010 — 2680ppm). Generally,
enhanced concentrations of the elements are observed
at Lamza, Walu, Lakoro, Sukuliye, Gwalura and Gunda
samples (Fig 4). The elements Ca, Fe, Mn, Sr, K and Ba
are enriched in average shale and limestone rocks
(Krauskopf, 1979; Mason and Moore, 1982) and Cr, Co, -
Cu, Ni, Zn, Pb, Bi, Br, U and As are normally in low
concentrations in sediments, but are important
constituents of both carbonate and clayey black shale
that are concentrated in precipitating sulphide deposits
(Milovsky and Kononov, 1985; Busek et al, 1991).
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Fig. 3: Histogram plots of elemental concentrations in samples
Tablo 1: CONCENTRATION OF INDICATOR ELEMENTS IN SHALE SAMPLES
~(in x10%ppm) -
Element . . STUDY LOCATION A Contrast
1 2 3 4 5 6 7 8 .9 10 Entire
v , , : o Area
K 854 865 381 626 657 684 934 609 941 554 711
Ca " 454 438 416 4000 505 397 S7.1 4882 75.6. 3579 1599
Fe "168.2 1693 1029 3744 . 2814 3489 2795 2023 297.7 3649 2589
Mn 261 470 159 1166 372 1440 360 970 699 1570 17.50
Ba 21.0 193 189 266 203 204 262 252 253 28.1 231
Sr 102 102 079 18 095 083 187 298 243 198 1.60
*Cu 041 040 037 052 036 045 055 053 061 076 049 0046 11:0
*Zn 0.29 0.21 0.16 053 030 038 043 037 056 053 038 0.095 4:1
*Ni 048 044 035 077 045 063 052 065 071 087 059 0072 81
*Co 090 098 065 123 099 124 131 127 141 146 1.14 0019 60:]
*Cr 267 253 253 286 248 260 329 293 331 375 290 0.093 31
*As 0.19 0.17 0.3 023 016 019 022 022 026 028 0.2i 0.012 18:1
*b 030 024 0.18 033 028 039 038 031 043 038 032 0022 151
*Bi 017 o016 013 021 014 018 021 022 025 027 0.19 0005 38:]
*Br 007 006 005 008 006 007 009 009 0.10 010 008 0045 1.8:1
*U 0.09 - 0.08 0.08 009 007 008 0.10 011 011 013 009 0.036 25:1
Key: 1= Dukul; 2 = Gudenyi; 3 = Bobini; 4 = Lamza; 5 = Swenswithire; 6 = Walu;
7 = Lakoro; 8 = Sukuliye; 9 = Gwalura; 10 = Gunda. ’
A= Composite average in natural unmineralised shales (average of
Krauskopf,1979; Rose et al, 1979; Mason & Moore, 1982 values)
= Indicator elements
Contrast Ratio of concentration in studied sediments to ‘A’ concentration.
DISCUSSIONS mineralisation on the composition of the shale sampies.

Correlation coefficient of the data is determined
to assess common mtercorrelatlons between the
constituent elements and principal component analysis
is used to examine possible factors responsible for
groupings of constituent elements. Correlation analysis
of the analytical data confirmed this assertion. Table 2
shows significant coirelation’ coefﬁc«ents of the data set
for shale samples. The analysis shows very high (>70%)
intercorrelations between Ni, Bi, Cr, As, Cu, Br and U;
and good (>50%) intercorrelation between other trace
elements in the data set. Geochemically therefore, the
environment is favourable for the simultaneous
concentration of these elements. Principal component
analysis of the data set shows that 72% of the
proportion of variance for the 16 elements can be
expressed in four R — mode factors (Table 3). Factor 1
has a high loading on Cu, Ni, Ba, As, Bi, Pb, Sr, Br, U,
Co and Cr, and signifies the effect of gypsum

These elements are closely associated with gypsum
deposits (Boggs, 1987; Busek et al, 1991; Sonnenfeld,
1991). Factor 2 has a high loading on Fe, Cu, Zn, Ni,
Co, Bi and Br, and represents the effect of petrogenetic
late major and minor minerals (siderite, malachite,
smithsonite, annabergite, erythrite, crocoite and
associated alteration products rich in HBr and Bi;0,)
that are commonly associated with the: diagenetic
alteration of carbonate rocks in oxidizing enwvironments.
Factor 3 has a high loading on K and negative loadings
on the major petrogenetic and mineralisation indicator
elements, signifying the effect of other minor minerals
associated with gypsum e.g. polyhalite [K,Ca;Mg(SO.).).
Factor 4 shows low factor loading on K, Mn, Cu and Pb,
and negatively on all other elements in the data set, and
can be interpreted to be other lithologic based
geochemical signatures in the environment of deposition
unrelated to gypsum mineralisation.
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Table 2: Correlation Matrix For Elements in Shale Samples

o (40 — sample size)
'™W Ca Fe Mn Cu Zn Ni Co Ba C As Bi Pb Br S U
K 10
Ca - 10
Fe - - 1.0
Mn - - - 1.0
Cu - - - - 1.0
Zn - - 512 - 587 1.0
Ni - - . ; 644 - 1.0
Co - - 572 - 696 587 - 1.0
Ba - - - - - - 616 - 1.0
- - - - 606 - 01 - . 1.0
As - - - ; : . 621 - 561 508 1.0
Bi - - - . 741 585 737 629 - 657 746 1.0
Pb - - . . ; . 528 - - 625 - 1.0
Br - - - - 755 - 674 626 658 .602 .670 731 .585 1.0
1 - - - - - - - - . . 570 1.0
u - - - - 644 - 609 .523 .570 .563 .840 .749 568 .804 .595 1.0

Note:T - = value below 0.5 significance level

Table 3: Principal Component Analysis of Correlation matrix of Shale data
(40 samples; samples 27, 36, 62, 81, 88, 92, 95, 96, 104, 105 omitted)

Element Factors
1 2 3 4

K 0.264 -0.062 0.678 0.230
Ca 0.226 0.047 0.015 -0.901
Fe -0.034 0.758 -0.413 -0.056
Mn * 0.175 0.141 -0.845 0.185
Cu, 0.559 0.630 -0.177 0.043
Zn 0 249 0814 0.080 -0.089
Ni 0.604 0.402 -0.336 -0.379
Co , 0.402 0.757 -0.044 -0.044
Ba 0.739 0.094 -0.335 -0.100
Cr 0.487 0.400 -0.201 -0.443
As 0.813 0.223 -0.009 -0.101
Bi 0.655 0534 -0.074 -0.224
Pb ' 0.642 0 264 0203 0.030
Br 0.819 0.363 -0.034 -0.164
Sr 0.640 -0.009 0.220 : -0.290
U 0.876 0.255 0.149 -0.144
Cummulative % 32.4 19.8 11.1 9.1

Multiple regression analysis of the data is used reveals significant regression of Ca on Cu, Cr and Sr at
to detect those samples in which element concentration 0.004, 0.033 and 0.048 values respectively; while Fe
is attributable: to processes of mineralisation (Garrett, regressed on Ni, Co and Sr at 0.012, 0.001 and 0.021
1983; Howarth and Sinding-Larsen, 1983). Regression values respectively. Other elements show values higher
of the relevant major elements, Ca and Fe, against than the acceptable 0.05 significant levels (Table 4).
seven trace dlements, Cu, Zn, Ni, Co, Cr, Pb and Sr

Table 4a Shale Data: Regression of Ca on Cu, Zn, Ni, Co, Cr, Pb and Sr
[Regression equation: Ca = 37.74 — 139.97Cu + 15.85Zn + 31 66N
+ 15.77Co + 10.20Cr — 16.06Pb + 5.57Sr]

Element Coefficient Std. Error t ratio Std. Coeff. Significance
Beta
Cu -139.97 13.56 -3.08 -0.704 0.004
Zn 15.85 22.45 0.71 0.13 0.485
Ni 31.66 23.83 1.33 0.29 0.193
Co 15.97 15.89 1.01 0.22 0.319
Cr 10.19 4.57 2.23 0.44 0.033
Pb -16.06 30.10 -0.0533 -0.09 0.597
Sr 557 2.71 2.06 0.32 0.048

F ratio for Cu, Zn, Ni, Co, Cr, Pb, Sr = 690.250/197.997 = 3.49
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Table 4b: Shale Data: Regression of Fe on Cu, Zn, Ni, Co, Cr, Pb and Sr
[Regression equation: Fe = 28.94 — 272.72Cu + 133.76Zn + 283.77Ni
+ 249.49C0 -16.42Cr — 189.16Pb — 29.35Sr]
Element Coefficient Std. Error t ratio Std. Coeff. Significance
Beta
Cu -272.72 203.39 -1.341 -0.27 0.189
Zn 133.76 100.61 133 0.21 0.193
Ni 283.77 106.77 266 0.51 0.012
Co 249 .49 69.85 357 0.69 0.001
Cr -16.42 20.48 -0.80 -0.14 0.429
Pb -189.16 134 91 -1.40 -0.21 0.170
Sr -29.35 12.13 -2.42 -0.33 0.021

F ratio for Cu, Zn, Ni, Co, Cr, Pb, Sr = 23089.21/3976.08 = 5.81

From basic geochemical principles, the major
probable indicator elements to gypsum mineralisation
include Ca, Fe, Mn, Zn, Pb, Sr, Cu and Ba that
participate in the various chemical processes during
diagenesis of chemical precipitates (carbonates and
evaporites) and Ni, Co, As and Cr, which are important
constituents of both carbonate and clayey black shale
that are notably concentrated in precipitating sulphide
deposits (Keith and Degens, 1959; Milovsky and
Kononov, 1985; Boggs, 1987; Busek et al, 1991).
Considering the fact that major elements are not very
indicative of environment of deposition (Ernst, 1970) and
the petrogenesis of some of these elements, gypsum
mineralisation indicators in this study area would include
Ni, Co, As, Cr, Cu, Zn, Bi, Br, U and Pb. These indicator
elements naturally occur in low concentrations in
limestones and shale. When compared with research
findings, their concentrations (Table 1) are several times
more in studied sediments than in global natural
unmineralised sediments, as obtained from Krauskopf
(1979); Rose et al (1979), and Mason and Moore
(1982).

Mean compositions of these indicator elements

were examined in both the gypsum bearing and litho-
beds that do not host gypsum bodies on the basis of
obtained statistical data. Examination of the
concentration levels using the standard (mean + 2
standard deviation) threshold mark reveal that about
4.6% of the samples contain anomalous concentrations
of the elements. Using determined threshold value of
each of the elements, about 2.9 - 8.6% of the gypsum-
bearing shale samples are correctly identified as
anomalous and about 91.4 - 97.1% are missed; and of
the background values, 100% are correctly identified as
non-gypsum bearing (Table 5). Of interest is that
concentrations of K and Fe in all the samples were
below the threshold mark and concentrations of Cu, Co
and Cr statistically identified one Lakoro sample (ng.31)
to be gypsum bearing, against its non-gypsum bearing
status in the field. The Cu, Co and Cr elements are
therefore, probably closely related to gypsum hosted in
the sediments (hence, are good predictor elements),
and the Lakoro sample could possibly be mineralised at
other unexposed sections of the location. On the other
hand, K and Fe elements are not very necessary
indicators of gypsum occurrence.

Table 5: Measure of Concentration levels of Elements

Element Sample Prime range (ppm) m + 2d value A% B %
Size (ppm)

K 40 85.0-95.0 122.66 0 29
Ca 40 425-525 80.23 8.6 0
Fe 40 262.5-287.5 412.23 0 0
Mn 40 1.56-25 9.10 57 0
Cu ) 40 0.27 -0.43 0.61 29 29
Zn 40 0.22-0.28 0.63 57 0
Ni 40 0.47 - 0.53 0.86 57 0.
Co 40 0.97 - 1.03 1.58 29 29
Ba 40 17.0-19.0 31.21 29 0
Cr 40 2.38-2862 4.23 5.7 29
As 40 0.18 - 0.21 0.28 57 (]
Bi 40 0.13-0.16 0.29 29 0
Pb 40 0.22-0.28 0.52 8.6 0
Br 40 0.06 - 0.08 0.11 5.7 0
Sr 40 0.5-0.75 3.27 8.6 0
U 40 0.06 - 0.08 0.12 8.6 0

Note:

A% = anomalous samples correctly identified;

B% = background values mistakenly identified as anomalous

On the basis of the regression equation (Table
4), =oncentration of a negligible -139.97ppm of Cu,
10.2ppmCr and 5.57ppm of Sr could be used to predict
the presence of Ca in gypsum mineralised region; and
about 283.77ppm of Ni, 249.49ppm of Co and -
29.35ppm of Sr would serve to predict for Fe content.
However, on simple linear regression of Ca on individua!

predictive element, Ni, Bi, U and Br (with 0.010, 0.042,
0.034 and 0.019 values respectively) coudd be good
predictors for Ca content in the environment. From the
analysis therefore, Cu, Cr, Ni, Co and Sr elements are
good predictors (at 0.05 significance level) for Ca and
Fe in gypsum - rich areas. Ca is the major cation in
gypsum deposit and Fe is usually mobilised under
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1
reducing and precipitated under oxidizing conditions;
and show |strong presence and influence in early
sulphide (pyrite) and carbonates (siderite) and
" secondary sulphates (melanterite) during the diagenetic

process of gypsum formation. Elements that can predict -

enrichments of these two major cations are seen as
geochemicgl tracers or pathfinder elements. Hence Cu,
Cr, Ni and Co are good pathfinder elements to gypsum
mineralisation. Under normal conditions, these trace
elements would be mobile in the strongly acidic
solutions during the oxidation of pyrites and other
sulphide ores. However, the diffusion of the organic
waters through organic — rich and unconsolidated
sediments rich in Fe possibly generated Fe(OH);, which
provide a good adsorptive surface (scavenger) for these
elements (Maynard, 1983). Also, interaction between the
diffused ter (which are low

in oxygen) with

N 1O LOMIRIPIBIIO)

[co ¥ =4

Qm@omugwmmpmvﬁu

CONCLUSIONS

Study of the geochemical pattern in sampled
sediments identifies and distinguishes enrichments of
four predictgr elements, Ni, Co, Cr and Cu to be related

oxygenated surface water (common in environment of
gypsum formation) would trap these elements (Beus and
Grigorian, 1975), and incorporate them into the gypsum
precipitated during interaction of the sulphate and
carbonate — rich waters during the diagenetic processes.
These geochemical processes must have worked
simultaneously to produce the distribution and
dispersion patterns of the elements in the Guyuk area as
illustrated in Figure 4.

The observed high intercorrelations between the
identified seven trace elements (Ni, Bi, Cr, As, Cu, Br
and U) and their collective intercorrelation with Fe
signifies their close affinity to the processes involving Fe.
Iron is seen as a vital element in the various
geochemical processes namely  sedimentation,
diagenetic alteration and adsorption within the
environment of gypsum formation and accumulation.

o4 o

ha

to gypsum mineralisation. The ratios of the enrichments
of these elements to gypsum in the studied shale
sediments are Cu(11:1), Ni(8:1), Co(60:1) and Cr(31:1).
These concentrations are anomalously higher relative to
natural unmineralised shale materials and are well
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above the 2:1 contrast value recommended by Hawkes
(1959) as useful anomaly. Similarly, the high (>32%)
loading of a single factor on a group of mineralisation
indicator elements including these four (Cu, Cr, Ni and
Co) and the observed significant regression of Ca and
Fe on them depicts the strong bond between these trace
elements to process of gypsum mineralization. Hence
their common trend of variance marks mmerahsataon of
gypsum in the study area.
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ABSTRACT

Stream jsediment geochemical survey was carried out in Dass area to determine possible dispersion traln for Pb, Cu,
Co, Ni and Zn. A total of 114 active stream sediment samples were collected over an area of 60km?. The samples
were treated with hot HNO; and analysed for Pb, Cu, Co, Ni, Zn, Mn, Mg, Ca, and Fe.The results indicated high
concentration of Zn (81.3pg/g), Cu (10.8pg/g), Pb (50.0pg/g). Ni (20.0pg/g) and Co (51.6pug/g) in the area. Descriptive
statistical method together with element distribution maps, employed in the presentation of the result, point to a
dispersion train for anomalous Pb, Zn, Cu, Co, and Zn in the western flank of the study area. The under|y|ng geology
probably played a major role in the distribution of the anomalies.

KEYWORDS: Dass, Dispersion train, Stream sediment.
INTRODUCTION

Attention in exploration is increasingly being directed to
the poorly out cropping regions of the world. In such
regions, ore deposits are concealed beneath thick
lateritic cover, which are products of intense weathering
processes. This type of setting renders geological
methods ineffective for mineral exploration.

Though rocks of the Dass area are well exposed at the

far northiern and southeastem parts of the area, they are

unfortungtely covered by thick laterites in the other
parts. Consequently, prospecting for mineral deposits in

a large jpart of the area is made difficult and is only

confined to the far isolated hills of the northern part

- which are not easily accessible.

_ Specifically, the area extends from around river Bagel
througflagadama broad plains to Doft-Bagel-Lir area.
It consists of steep-sided, round top hills that stretch
from solith to north in the western part. Isolated flat-
topped hills are scattered in the far eastern part of the
area. The northern part is a region of dissected uplands.
The cenlral section comprising Kagadama may be said
to consist of a relatively elevated broad plains that form
the watershed between Bagel and Dott river systems.
These river system and their numerous tributaries made
stream | sediment geochemical survey the most
conveni#nt tool for minera! prospecting in the area.

Geological Setting

The study area (Fig 1) forms part of the Nigerian
Basement Complex, which is underiain by gneisses,
migmatites and metasediments of Pre-Cambrian age.
The lithalogy varies considerably. The major rock units
of the atea include granite gneiss, migmatite gneisses,
charnockitic gneisses and charnockites.

Others jinclude pegmatites and dolerites. Migmatite
gneiss accur in the northcentral and northeastern parts
of the area. Texturally, they are medium to coarse
grained, | dark to light coloured and occur as low-lying

outcrops. Granite gneiss covers almost the whole of the
eastern and southern parts and extends through
Kagadama westward to Lir and Bajar to the far north at
Layi. The gneisses are generally medium to coarse
grained and strongly foliated. The charnockitic gneiss
occupies the area south of Jahun extending for about
one kilometer southwards to around Dajim where it

‘grades into the banded gneisses. It also occurs as

discrete individual hills in the granite gneiss complex
west of the study area.

Pegmatites ranging from a few meters to tens of meters

in length and oriented SW-NE are concentrated in the
western part of the area. They are mostly tourmaline-
and amethyst-bearing. Charnockites are restricted to the
western part where they occur as coarse grained
bouldery rocks that form parts of the Bajar and Lir hills in
the granite gneiss terrane. .

Sampling Method and Analysis

Stream sediment samples were collected at the mouths
of tributaries discharging into major streams in the area
(Fig 2). At each sample point, active stream sediments
weighing about 50g was collected bearing in mind the
factors that could affect elemental distribution such as
dilution effect and factors that could cause
contamination such as collapsed bank materials. The
samples were prepared using the method described by
Smith et al (1976). This involved sun drying,
disaggregating in a porcelain mortar and sieving to
minus 80 mesh fraction. The samples were then
decomposed using hot HNO; and the concentrations of
Copper, Lead, Zinc, Nickel, Cobalt, Cadmium,
Magnesium, Manganese and iron in the various samples
determined using atomic absorption. spectrophotometer.
Routine rechecking of the standard working range of the
machine was conducted at regular intervals to minimise
errors.

The large numbers of analytical resuits were condensed
into tables (Table 1) by grouping the values into

. V. Harhna, Department of Geology, Federal University of Technology, Yola, Nigeria.
S. S. Dada, Abubakar Tafawa Balewa University, Bauchi, Nigeria.
Y. D. Mamman, Department of Geology, Federal University of Technology, Yola. Nigeria
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adequate number of classes and 'calculating their
cumulative  frequency  distributions. To  ease
determination of the characteristic parameters of the
distributions and comparison between various
population types, the cumulative frequency of

occurrence in each class was plotted as ordinate on a
probability graph paper against the class midpoint to
give a cumulative frequency curve represented by more
or less straight lines.
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The various central tendency parameters (Table 2) were estimated following the method described by Lepelber

(1969) -

Table 2: Estimates of statistical pérameters from the graphs
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of 58 - §.3 for the western flank and 6.1 — 6.8 for areas
around ri ‘ Bagel

RESULTS

Result l analysis of the stream sediments as
condensed in Table 1 are presented in Fig. 2. The forms
of cumulative frequency curves shown by almost all

of economic importance (Pb, Zn, Ni, Cu, Co)
eristic of two populations (Fig. 3). In other
curves show two breaks suggesting bimodal
tribution. Individually however, the elements
ntly. For Copper, the positively broken line
sion of an excess of low values in bimodal
distribution. An estimate of their proportions

is given at 48 percentile. This indicates the presence of
48% higher population and 52% of lower population.
The threshold taken at the abscissa of this breaking
point corresponds to 6.5pg/g. '

In the probability plot for Zn distribution, a smooth curve
through the data points has the form of a bimodal
density distribution with an inflection point at the 44
cumulative percentile. The positive branch towards
lower values corresponds to the normal population while
the negative branch corresponds to a population of
higher concentrations. The central branch corresponds
to a mixture of the two populations. Threshold taken at
the middle of this branch corresponds to 45.0:9/g. The
probability of finding values higher than 72.5:g9/g in the
areais 0.056%. ‘
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Fig 3 Cumutlative Frequency distribution for Pb, Zn,Cu, Co, and Ni

The cumwlative distribution curve for Ni shows positive
skewnes$. A histogram would give a frequency curve
skewed © the right in the direction of high values. Break

of the distribution line occurs at 58% level. The abscissa
of the breaking point indicates the limit above which
there is\ departure from normal distribution. This
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breaking point occurs above the normal threshold le el
of 2.5%. Threshold taken at the abscissa of this
breaking point corresponds to 13.0ug/g.

The form of cumulative distribution curve for Co is
similar to that of Pb but with inflection points at 68
cumulative percentile indicating, the presence of 68%
higher populations and only 32% lower population.
Abscissa of the midpoint of the central segment
indicates a threshold of 24.0pg/g.

The form of cuive shown by Pb is characteristic of two
populations ‘with the central segment indicating
considerable overlap of the two. The inflection point at
50% cumulative percentile indicates the presence of
equal proportions of high and low populations. Abscissa
of the midpoint indicates a threshold of 23.0pg/g.

In summary, a greater percentage of the data falls within
the background 2nd threchold values whereas the
anomalous values are few and scattered.

Summary of their range, mean, ratio and thresholds is
presented in Table 2.

DISCUSSION

Copper - Zinc
in general terms, most of the anomalous values of the

elements lie in the western flank of the study area (Fig
4) and conforms with the chain of uthed bnement that
run from south to north.

Relatively high values are scattered in the northwestemn
part of the area under consideration. The low values of
Cu are related to the bedrock lithology and suggest the
near absence of basic and ultrabasic rocks in the entire
study area. Cu is one of the chaicophile elements
concentrated in pyroxenes and amphiboles! as well as,

magnetite and 'biotite in intrusive rocks (Krauskopf

1979). In basic and ultrabasic rocks, pyroxenes,

amphiboles and to a lesser extent, olivines are strongly
indicated by Cu among other elements (Beus and
Grigorian, 1977). The bulk of the Cu in the basement is
therefore incorporated in silicate minerais, the most
important of which being pyroxenes. As a result of
oxidation and weathering, Cu is liberated from the Cu-
bearing minerals in the country rocks as a soluble
sulphate under acid to near neutral conditions. Its
divalent ion is then adsorbed and co-precipitated with, or
adsorbed to sediment particles (Boyle et al 1996).

Alternatively, Cu may be adsorbed by omanic matter
and co-precpitated with Fe-Mn oxides, but is less readily
scavenged by Fe-Mn oxides than other base metals.

such as Co, Zn and Ni.
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Zn has a clpse affinity with Pb in its distribution in the
stream sediments. Like Pb, the anomalous values
(80ug/g) of Zn lie on the western flank of the area with
low values (k 50ug/g) recorded along river Bagel and its
tributaries in the east.

The distribufion of Zn is controlled by lithology. Zn is one
of the chalcgphile elements that substitutes for the major
cations of Vag and Fe in silicate structures (Krauskopf,
1979). However. for the most part, the metals are left to
accumulate in the residual solutions that eventually form
sulfide ores. The traces of chalcophile metals commonly
reported in ordinary igneous rocks may be present in
large part as tiny sulfide grains rather than as substitute
for major elgments. The concentration of high values of
Zn in the western flank coincides with the distribution of
charnockiteg, charnockitic gneiss and granite gneiss.
The Zn-begring minerals in these rocks weather,
releasing Zn, which pass through underground water
into streams, where it is co-precipitated in the
sediments. Average background content of Zn in stream
sediments range between 10-200pg/g and values
greater thap 200ug/lg may
{Reedman, 1980).

Low values |of Zn (mostly <60ug/g) are recorded along
River Bagel(oand its tributaries in the east. These low
values may jnot be unrelated to the dilution effects and
chemical characteristics of Zn. Although Zn has high
mobility, it is-often absorbed by organic matter.

Nickel - Cobalt - Lead

Fairly high values of Ni are sparsely distributed in the
western, northwestern and southeastern part of the
study area while background values are recorded north
of Bagel Bridge. This distribution can be interpreted in
terms of the bedrock lithology underlying the sampled
areas. Ni hgs intermediate radii and is abundant in the
earlier mempers of differentiation sequence as a result
of ready suljstitution for Fe and Mg, with some strongly
enriched with magnesium in ultramafic rocks
(Krauskopf,1979). Ni is concentrated in magnesium
pyroxenes and olivines (in ultrabasic and basic rocks),
and biotite in intermediate and acid rocks (Beus and
Grigorian, 1877). The fairly high (about 20ug/g) and
sparsely distributed values in the west, northwest and
southeast can be attributed to contributions from the
biotite granites and the granite gneisses. [n granites,
such as those present in the study area, almost all the
Ni is contained in the biotite, and in such environment,
which practically, has no ultrabasic rocks economic Ni
minerlization is rare. .

The low values (6-20pg/g) of nickel content in the
stream sedirhents is probably due to the paucity of basic
and uItrabal‘ic rocks in the area, its relatively high
mobility not withstanding. The average background
content of nickel in stream sediments is between (5-
50ug/g). The low values of between 6-20ug/g are well
within this range.

Cobalt content in the area ranges between 8.4-51.6g/g
with minimum anomalous value graphically estimated at
24 0pg/g. Mest of the anomalous values are scattered in
the western,|northwestern and southeastern parts of the
area, with Background values distributed in an area
north of the Bagel river bridge.

The source of the Co is attributed to crystalline rocks in
the waest and northwestern part of the area. Co is one of
the elements occurring in the transition group, and like

indicate mineralization

Ni, has intermediate radii and substitute readily for Fe
and Mg, hence it is abundant in the earlier members of
the differentiation sequence. Co is therefore
concentrated in magnesian pyroxenes and olivine and in
biotite in intermediate and acid rocks such as found in
the area under consideration. However, economic Co
deposits in the area can not be expected.

Average background content of Co in stream sediments
normally range between 5-50 ug/g with anomalous
concentrations over mineralization always more than
100-500ug/g (Reedman, 1980). The low values of Co
can therefore be explained in terms of the paucity of
basic and utrabasic rocks, and its chemical behavior
during transportation. Co has relatively high mobility but
readily scavenged and held by Fe-Mn oxides (Reedman,
1980). '

Most of the high values of Pb iie on the western flank of
the study area, while low or background values are
recorded along river Bagel and its tributaries in the east.
The underlying geology plays a major role in the
distribution of Pb anomalies. Pb is one of the elements
pelonging to “large-ion lithophile” group (LIL). it has
cations with large radii and low electric charge, which
tend to substitute for K; hence it is concentrated in felsic
rather than mafic rocks (Krauskopf, 1979). Abundance
of Pb in a rock series is a good indication of the extent to
which differentiation has sorted out constituents of the
original igneous material Pb is concentrated in
orthoclase, which is the mineral indicator of the
geochemical characteristic of acid and intermediate
rocks. Maximum concentrations are found in zircon and
in some other accessory minerals (Beus. and Grigorian,
1977). The concentration of high values of Pb in the
western flank is therefore not surprising, but serves to
confirm the presence of plutonic acidic rocks such as
charnockite and charnockitic gneisses. which consist of
mineral such as biotite. hornblende, zircon and
microcline.

As a result of weathering. Pb is released from the
various Pb- bearing minerals in the charnockites and
charnockitic gneisses. it then passes into the soil where
it co-precipitates with or gets absorbed by clay minerals
and organic matter. Subsequently, it passes directly
through underground water into streams where it is co-
precipitated in the sediments. The values range between
5-50ug/g. The low values (<30pg/g) for Pb recorded
along river Bagel and its tributaries in the east are
probably due to its low mobility and the dilution effects.

Manganese - lron — Calcium - Magnesium

Although the association of Fe — Ca - Mg has been
used as a lithological index reflecting the geology of the
underlying rocks (Ojo, 1988;. these elements are often
used by most authors to aid interpretation of minor and
trace elements. Hydrous oxides of these elements can
be sorbents i.e. carriers of trace elements in surface and
ground waters. For example, Fe is said to be very
effective trap for trace metals such as Cu, Pb, Zn
(Lecomte and Sondag 1980). The precipitation of a
trace element along the paths of its aqueous migration
sequence does not depend on its solubility product or on
its activity in the solution rather it is controlied by the
precipitation of a sorbent. which is capable of being a
carrier of this trace element. For majority of trace
elements whose concenirgtions in waters in the
supergene zone is very low, and which almost reaches
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values necessary to ensure precipitation from the
solution, the sorption precipitation (co-precipitation)
together with the sorbent — carrier is the principal mode
of precipitation.

Mn does not occur in significant amounts in the area.
The low content of Mn is attributed to the acid bedrock
lithology of the area. Mn, like Co, Ni and Cr falls in the
group of elements with intermediate radii; it is therefore
abundant in the earlier members of the differentiation
sequence as a result of its substitution for Fe and Mg. It
has its maximum abundance in gabbros and basalts. its
low mobility is probably one of the limiting factors to its
distribution.

CONCLUSION

Interpretation of trace element composition of the stream
sediment has pointed to a dispersion train for
anomalous Cu, Zn, Pb, Co and Ni, in the western flank
of the area. Pb, Co and Ni are indicator element for Cu-
Zn minaralisation while Pb, Zn, Cu may be suggestive of
hydrothermal uranium deposits. The western flank of the
area is criss-crossed by pegmatite and aplite veins
along the flank of Dott. Lir and Bajar hills. The veins
might have acted as traps for ore-bearing fluids
migrating from the subajacent charnockites and
charnockitic gneisses.In fact, amethyst, tourmaline and
beryl have been visually identified from heavy mineral
sampling in this area. Detail geochemical survey is
therefore recommended in the western flank of the study

" area.
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ABSTRACT
The gelochemistry of amphibolite of the Isanlu area of southwest Nigeria was studied and its petrotectonic setting
evalu . Amphibolite occurs as small outcrops and residual hills that are conformably interbanded with a suite of
meta- sedimentary rocks. The rock reveals a mid-amphibolite facies assemblage of hornblende (magnesio and

pargasitic compositions), plagioclase (oligoclase — labradorite) with small amounts of quartz and biotite. Locally, this
assemblage has suffered retrogression into the greenschist facies and preserve the metamorphlc assemblage
actinolite + chlorite + epidote + quartz 1 titanite.

Amphibolite in the study area is characterized by a moderate SiO, (46.50-53.74 wt. %), moderately high FeQ, (8.78-
14.41 wt. %), low Fe,Oy/FeO (average 0.22), low MgO (6.18-10.56 wt. %), low to high CaO (8.60-18.20 wt. %) and
low alkplis. Trace elements including Nb, Y and Rb are low in abundance while Sr and Ba show marked enrichment
reflecting the abundance of modal plagiociase. Refractory elements including Ni, Co, Cr and V also show enhanced
values probably reflecting the fairly primitive nature of its mafic ancestry. The rock classifies as high-Fe tholeiite with
plume-type mid-oceanic ridge and volcanic arc tectonic affinity. However, the interbanded nature of the rock with the
enclosing metasediment suggests that it was emplaced in a continental setting. This rock was probably emplaced in
an ensjalic basin developed on rift-controlled grabens, where the crust is sufficiently attenuated by rising mantle

plumesi resulting in ocean floor — type contamination-poor magmatism.

KEYWORDS: Petrochemistry, Tectonic setting, Amphibolite, Ensialic basin, Egbe-Isaniu schist beit

INTRODUCTION
The Nigerian schist beflts are a series of narrow northerly

trendi and metasediment-dominated troughs of
ian age. in addition to metasediments these
troughs host metaigneous and granitic intrusives. A

volu minor but important component of the
metaigheous unit are metabasites, mostly occurring as
amphibioiites. The chemistry of basic rocks has often
been uped in tectonic environment discrimination. This is
predicated on the assumption that basaltic rocks are
geochamically sensitive to changes in tectonic
framework (Floyd and Winchester, 1975; Pearce, 1982;
Myers (and Breitkopf, 1989), and that many of the
ele employed as parameters are relatively
insensitive to secondary processes (Winchester and
Floyd, [1977). This technique has been employed with
remarkpble success in several terrains of the world
(Raharhan et al., 1988; Frimmel et al, 1996), and most
significantly in areas where the present state of
preservation and poor exposures precludes an
unam us identification of the palaeotectonic
enviro?:\t using other geological data (Wood et al.,
1979).

1
In Nigeria, several workers have attempted to
characlerize the environment of segments of the
base t complex rocks. Interpretations emanating
from studies have implied ensialic (Bafor, 1988;
Olade and Elueze, 1979) or ensimatic (Rahaman et al.,
1988) isettings or even an agglomeration of exotic
(Ajibade and Wright, 1989). These results

in different segments of the basement

complex of Nigeria. Consequently, a wider investigation
of the tectonic setting of the different segments of the
basement rocks is desirable. This paper examines the
petrochemistry and petrogenetic affinity of amphibolite
from Isanlu in southwestern Nigeria and attempts
deducing the palaeotectonic environment of its
emplacement.

GEOLOGICAL SETTING

The Nigerian basement complex can broadly be
classified into three units; the gneiss-migmatite complex,
the metasedimentary schist belt and the Older Granite
suite. The migmatite-gneiss complex consists of
Archean (ca. 3000Ma) and Palaeoproterozoic (ca.
2000Ma) components (Oversby, 1975; Dada and
Briqueu, 1996) which form the floor on which
supracrustals (the schist) were deposited. Both
‘basement’ and ‘cover sequence’ were subsequently
deformed by the Pan-African thermotectonic event
(ca.600Ma) (Ajibade et al., 1987), to produce
conformable structural relationships (Annor et al., 1996;
Olobaniyi, 1997). This effectively obscured the age
relationship between the two units and hinders definitive
conclusions on the origin of the schist belts. As a result
of the Pan-African thermotectonic event (Kennedy,
1964), huge volumes of discordant granitiods, termed
the Older -Granites, of varying compositions including
granites, granodiorites, syenites and adamellites were
emplaced.

The Egbe-Isaniu schist belt is located in southwest
Nigeria (Fig. 1) and forms one of the numerous linear
metasedimentary belts. This beit consists predominantly
of semi-pelitic metasediment, and minor occurrences of

aniyi, Department of Geology, Delta State University, P M. B 1, Abraka, Delta State Nigeria
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psammite, banded iron formation with metaigneous
rocks including talc schist and amphibolite (Olobaniyi,
1997). Both metasedimentary and metaigneous suites
are concordantly interbanded and bear similar
greenschist to mid-amphibolite metamorphic imprint,

and north-southerly trending structural features. These
metamorphic tectonites are intruded in places by coarse
grained and porphyritic granites that constitute

_prominent topographic features in the area.
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Figure 1: simp!ified geological map of Nigeria showing the location of isaniu within the Egbe-isaniu Schist beit. 1:
Phanerozoic sedimentary rocks; 2: Schist belts; 3. Undifferentiated basement complex.
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Figure 2: geological map of Isaniu showing Amphibolite and the associated rocks, 1: Granite; 2: lron-formation; 3:
Amphibolite; 4. Quartz mica schist; 5: Talc schist; €. Quartzite
(after Olobaniyi, 1997).
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FIELD OCCURRENCE AND PETROGRAPHY
Amphibolte occurs in this area essentially as residual
hills and|to a lesser extent as small outcrops which
appear tq be remnants of originally tabular bodies that
red or boudinaged. it also occurs as small.
concordaft sheets that are conformably interbanded
with the gther components of the metasedimentary and
metaignepus rocks of the area Locally amphibolite is
intensely migmatized by invading granitiods

The Isanly amphibolite is black to dark green and coarse

to medium grained in texture It commonly appears
massive n hand specimen but reveals a well-defined
penetrati fabric under the microscope. This rock

consists df a matrix of green to deep- green hornblende
(60-70 val.%) of actingiitic, magnesic-hornblendic and
pargasitic| compositions, and plagiociase (10-30 vol.%)
that varie$ in composition from oligoclase to iabradorite.

Flakes of biotite (0-5 vol %) and small amounts of
quartz (042 vol. %) also occur in the assemblage This

GEOCHEMISTRY

Analytical Techniques

Eleven répresentative samples of amphibolite from
Isanlu wefe selected and analyzed for both major and
trace element composition The bulk of these elements
were meégsured by XRF using a Phiip PW 1480

automated sequential spectrometer at the Geochemistry
Institute of Georg August University, Gottingen,
Germany Discs for both major and trace elements
determination were prepared at 1100°C using spektoflux
100 containing lithium tetraborate. For the determination
of Fe’’, a titration method was used

Elemental Abundance and Petrogenetic Affinity
Table 1 presents the analytical result of the selected
amphibolite samples. Its statistical summary is indicated
in Table 2 and compared this with the compositions of
modern and ancient analogues in Table 3. This rock is
characterized by a moderate SiO, content with a narrow
range of 46.5-53.74 wt. %. a moderately high FeOga
(8.78-14 14wt.%) coupled with low MgO (6.18-10.56
wt.%). Amphibolite has Mg# varying from 46 86 to 63.22
and a low Fe,;0,/FeQ ratio averaging 0.22, consistent
with the composition of poorly evolved tholeiitic basalts.
FeO.» Shows enhanced mean value relative to MORB
and oceanic tholeiite but comparable to Archean and
Proterozoic Birnmian tholente (Table 2). The CaO
content is low to high increasing from 8.60 to 18.20 wt.%
while Al,O, content 1s in the range 10.24 to 15.60 wt.%
(mean CaO/Al,0; = 0.89). The mean normative hy:di
ratios (1 18) (Olobaniyi,1997), is comparable to most
tholentes (s1) Alkalies, including Na,0 (0.55-2.70 wt. %)
and K,O (0 15-0.99 wt. %) are depleted indicating its
sub-alkalic nature. On the Silica versus Zr/TiO, diagram
of (Winchester and Fioyd, 1977), (Fig. 3) the rock plots
predominantly in the field designated for sub-alkalic
basalt. On the AFM scheme of Irvine and
Barager(1971). (Fig 4) this composition defines a
tholeiitic trend with strong iron enrichment. A further
appraisal of its petrogenetic character using the Jensen
cation plot (Jensen, 1976) (Fig 5) indicates that the rock
1S @ high iron tholeiite (HFT).
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Figure 3: Classification of Isanlu Amphibolite on the SiO, versus Zr/TiO, scheme of Winchester
J v and Floyd (1977)
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Figure 4: Chemical characterization of isantu Amphibolite on
the AFM Scheme of Irvine and Baragar (1971)
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Figure 5: Chemical characterization of isanlu- Amphibolite on the Jensen plot .
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Figure 6: Tectonic discrimination of Isaniu Amphibolite on the Zr/Y versus Ti/Y
diagram of Pearce & Gale (1977)
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Figure 8: Tectonic discrimination of Isaniu Amphibolite on the V-Ti Séheme of Shervais (1982)

Table 1: Chemical Analysis of Amphibolite From Isaniu

7

1 2 3 4 5 6 | 7 8 9 10 11
SiO, wt. % | 48.10 50.20 | 4960 | 4830 | 4650 | 48.94 50.03 53.74. | 47.48 4848 | 47.83
Al,O5 15.60 13.80 14.90 15.10 14.10 14.14 12.74 10.24 10.56 12.56 14.66
Fa,0, 1.01 2.32 1.91 0.91 1.49 11.95* | 11.62* | 11.27* | 1293 10.13* | 10.66"
FeO 13.40 10.40 8.72 7.87 10.90 nd nd | nd nd nd nd -
Ca0 997 10.20 12.20 13.60 13.20 12.12 | 6.64 11.19 13.43 12.76 12.32
MgO 7.24 6.18 8.51 10.50 | 8.94 9.43 10.56 9.93 9.66 9.77 8.13
Na,O 0.63 2.06 1.25 0.55 0.99 1.13 2.70 1.53 1.40 1.80 1.13
K,O 0.15 0.97 0.39 0.24 0.25 0.18 0.30 0.80 0.60 0.99 0.66
TiO; 1.68 1.09 0.15 0.15 1.21 0.79 1.01 0.42 0.47 0.47 1.43
P,0s 0.19 0.10 .02 0.01 ¢.09 0.18 0.20 0.53 1.48 0.84 1.55
MnO 0.25 0.24 0.20 C.20 0.21 0.01 0.20 0.21 0.23 023 |[023
H,0- 0.05 0.08 0.12 0.09 0.06 nd nd nd nd nd nd
LOI nd 0.52 .64 0.56 0.61 nd nd nd nd nd nd

98.27 98.16 | 98.61 08.07 | 9856 | 99.27 [ 98.15 | 99.86 | 93.30 98.03 | 98.60

Nb ppm 12 g 7 I € 9 1 12 16 15 21 32
zZr 94 71 17 12’ 40 33 17 107 97 68 88
Y 32 25 20 12 19 (19 |18 14 21 13 18
Sr 246 110 86 43 165 {38 210 233 | 423 312 410
Rb 8 13 8 8 6 6 3 nd ad nd nd
Pb e 10 9 13. 6 7 ry nd nd nd nd
Ga 22 17 11 9 -1 16 12 nd 0o nd nd nd
Zn 312 105 72 53 82 77 75 %0 120 87 87
Ni 114 34 63 63 99 120 260 156 320 290 120
Co 59 40 52 a6 55 38 59 66 35 41 62
cr 223 147 540 907 309 241 110 216 130 260 314
v 338 399 199 185 344 304 360 385 290 285 298
Ba 40 128 151 149 90 25 84 120 99 210 56
Sc 39 45 62 65 49 52 nd nd nd nd nd
Cu nd nd nd nd nd nd 110 245 220 120 167

nd = not determined, * = FeO (total)
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Table 2: Statistical Summary of Isanlu Amphibolite Chemistry
SiOwt % 5374 46.50 49.02 192
AlO3 15.60 10.24 13.49 1.79
Fe20s; 12.93 0.91 1.53 523
FeO 13.40 7.87 10.26 214
CaO: 13.60 8.64 11.79 1.61
MgO 10.56 6.18 8.99 1.37
Na;O 2.70 0.55 1.38 0.63
K20 0.99 0.15 0.50 0.32
TiO2 1.68 0.15 0.81 0.52
P20s 1.55 0.01 0.47 057
MnO; 0.25 0.01 0.20 0.07
'HzO- 0.12 0.05 0.08 0.03
LOI 0.64 0.52 0.58 0.05
Nb.ppm 32 <1 12.45 8.55
Zr 117 12 68.45 36.29
Y 332 12 19.18 567
Sr 423 43 236.40 126.36
Rb 13 6 7.83 271
Pb 13 6 9.00 245
Ga 22 9 14.50 476
Zn 120 53 88.18 19.60
Ni 320 34 148.45 97.40
¢ Co 66 35 50.36 10.80
Cr 807 110 308.82 230.64
\ 399 185 307.91 68.62
Ba 210 25 104.73 54.37
Sc 65 39 52.00 9.96
Cu 245 110 172.40 59.59

The mean values of trace elements including, Nb
(12.4%ppm), Y (19.18ppm) and Rb (7.83ppm) are low in
abundance levels compared to Archaean tholeiites and
Pha zoic oceanic tholeiites (Condie, 1981). Sr
(236ppm) and Ba (104 ppm) show enhanced values
relative to Archean and Phanerozoic oceanic tholeiites
(Tabie 2) but probably reflect the abundance of modal
plagiaclase (10-30 vol.%) (Olobaniyi, 1997) or crustal

contamination. Refractory trace metal including Ni
(148.45 ppm), Co (50.36 ppm), Cr (308.82 ppm) and V
(307.91ppm) show marked enrichment in mean values
apparently. reflecting the fairly primitive nature of its
mafic parentage. Trace element ratios of Rb/Sr (0.08),
Ni/Co (1.7), TWZr (130), Zr/Y (3.7), and Ti/V (24.9) bear
general resemblance to those of Archaean and
Proterozoic Birrimian tholeiites (Table 3).

Table 3: Comparison of Mean Composition of Isanlu Amphibolite with Archean and Modern Tholeiites (Condie, 1976;
1981) and Birrimian Tholiites, Ghana (Leube et al., 1990).

Phanerozoic

Archaean Preterozoic
Average Isanlu | Depleted Enriched Birrimian MORB Arc Continental
Amphibolite Archaean Archaean Tholeiites, Rift

; Tholeiite Tholeiite Ghana

[ | SiOzwt. % 49.02 50.2 495 487 498 51.1 50.3
Al;03 13.49 155 . 15.2 13.7 16.0 16.1 143
Fe20, 1.53 1.63 28 13.79 20 30 35
FeO 10.26 9.26 917 - 7.5 73 93
Ca0 11.79 116 879 941 1.2 108 97
MgO 8.99 7.53 6.82 6.53 75 51 59
Na,O 138 215 270 245 28 20 25
K0 0.50 0.22 0.69 0.34 014 0.30 08
TiO,, 0.81 0.94 149 15 0.83 22 '
P20s 047 0.10 0.17 0.15 0.20 0.15 0.16
MnO 0.20 0.22 0.18 0.21 0.17 0.17 0.2
Zr ppm 68.45 .53 135 72 100 60 200
Y 19.18 20 30 M4 30 20 350
Sr 236 40 100 190 161 135 225 350
Rb 7.8 4 10 - - 5 30
Zn 88.18 80 120 102 75 80 90
Ni - 148.45 140 11 i 100 25 100 |
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Co 50.36 52 55 62 32 20 40
Cr 308.82 490 250 184 300 50 100
\ 307.91 260 365 299 300 270 300
Ba - 104.73 80 90 98 11 60 350
CaO/AL,O3 0.89 0.75 0.58 0.70 0.70 0.67 0.68
| Ba/Sr 0.84 . . - - . .
Rb/Sr 0.08 0.04 0.06 - 0.0074 0.02 0.08
Ni/Co 1.7 127" 23 1.8 3 1.3 25
TiiZr 130 106 66 104 90 83 66
Y 37 27 45 23 33 30 6.7
Tiv 249 22 24 26 30 18 44
Tectonic Affinity DISCUSSION AND CONCLUSIONS

In determining the tectonic environment of emplacement
of the metabasic rock, two factors are paramount. These
are its chemistry and field structural relationship with
other lithologies. The basic rock under study is not
extensively fractionated at crystallization and as such is
suitable for tectonic modeling. Several discrimination
schemes that rely on presumed immobile elements in
‘basic rocks and their metamorphic derivatives have
been suggested as tools for tectonic environment
prediction (Floyd and Winchester, 1975;" 1978, Pearce
and Norry, 1979; Wood, 1980; Pearce, 1982; Shervais,
1982; Meschede, 1986). For this investigation only high
field strength (HFS) elements including, Ti. Zr."Y and V
that are relatively immobile at mid-amphibolite facies
-condition (Rollinson, 1991) have been used. Onthe Zr/Y
versus Ti/Y diagram of Pearce and Gale (1977) (Fig. 6)
the rock plots dominantly in the field designated for plate
margin basalts. An appraisal of the type of plate margin
environment in which the rock was emplaced, using the
Ti-Zr diagram of Pearce and Cann (1973) (Fig. 7).
suggests a mid-oceanic ridge and volcanic arc setting.
Further investigation on the V-Ti scheme of Shervais
(1982) (Fig. 8) corroborates its ocean floor-type
chemistry. Wood et al. (1979) have discriminated
between normal (N)- and plume(P)-type MORB N-type
MORB have Zr/Nb ratios > 30 whereas P-type MORB
and oceanic island tholeiites have low ratios == 10 The
Isanlu metabasic rocks have values between 2-9
suggesting compatibility with P-type MORB

Although the trace element geochemistry of the mafic
rock suggests an oceanic origin, its field and structural
relationship with other lithologies indicate otherwise.
Field evidence unambiguously shows that this rock
originated as sills or sub-concordant intrusives into the
original sediments of the basin The interlayered nature
of this rock with metasediments indicates that no fully
developed oceanic crust existed According to Graen
11992). such chemustry can also be associated with
piume-induced continental rnfts, where the crust s
sufficiently thinned resulttng n minima!l crustal
contamination. Its chemistry may rather suggest that the
tectonic setting 1Is comparable with respect to the degree
of depletion, especially in
Phanerozoic ocean-floor basalts (Leube et al  1990).
A more plausible model would be an ensialic basin
developed on rift-controlled grabens in  which
sedimentation and magmatism was contemporaneous
The genesis of this nft can be related to the activity of
mantie plumes causing crustal thinning and melting of
mantle materials below the thin crust (at shallow levels)
resulting in their emplacement as dykes and sills

trace elements. to

~The preceding sections suggest that the amphibolite of

Isanlu bear tholeiitic petrogenetic affinity and are
emplaced in a plume-induced rifted basin. Such basins
now represented by schist belts are numerous in the
Precambrian terrain of Nigeria (Elueze, 1992). This may
imply the activity of several contemporaneous plumes in
the Precambrian of Nigeria. The genesis of such piumes
is still not well understood, but it has been speculatively
linked to back-arc activities, in response to plate margin
processes at the boundary of the West African craton
and Benin-Togo-Nigeria shield (Burke and Dewey,
1972). Recently, Courtillot et al. (2003) recognized the
activity of superplumes in the antipolar regions of the
world namely, Africa and the Central Pacific Ocean.
According to Gurnis et al. (2000), these plumes are
evidenced by superswells (high crustal elevations) and
by corresponding regions of low S-wave velocity in the
mantle. The African superpiume possibly included a
number of secondary plumes acting on various parts of
the African plate for long periods of geological time
(Pijarno, 2004). imitating basins and possibly instigating
orogenic activities within the geological domain.

The geochemistry of mafic rocks could be useful
benchmarkers for assessing the extent of lateral
continuity or heterogenetty of the subcontinental mantie
(Tommasini et al . 2005). The chemical nature of the
Isanlu amphibolite is comparable to most other

" amphibolites found in other schist beits of Nigeria (Olade

and Elueze, 1979; Elueze, 1985; Elueze and Okunlola,
2003. Okunlola et ai, 2006) Generally, this rock
constitutes a fairly uniform suite and only minor
variations are observed between the belts. Such minor
variations probably reflect varying degrees of crustal
contamination during magma ascent through somewhat
unequally attenuated crust. Significantly, this implies a
regionally homogeneous subcontinental mantie within
the Precambrian domain of Nigena. It may also reflect a
¢ gistent petrogenetic process within the domain in the
Precari#aian.
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A TECTONIC IMPLICATION OF THE ERUPTION OF PYROCLASTICS
IN UTURU, SOUTHERN BENUE TROUGH, SOUTHEAST NIGERIA
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ABSTRACT

The origin ¢f the Benue Trough is linked to rifting associated with the separation of South America from Africa in the
Cretaceous times. The vast igneous activities in the trough are thought to either precede the separation of the two
continents or post-date Albian sediments deposited in the trough after the separation. Exposures of pyroclastics within
flatland in Uturu, east of Okigwe, were studied with a view to determining the implication of the eruption that emplaced
tre pyroclastics on the tectonic evolution of the Lower Benue Trough. Field expressions show that the pyroclastics
erupted parallel to the axial plane of the Abakiliki anticlinorium in NE-SW direction and are spatially associated with
shales of the Asu River Group and Nkporo Shale. Mud fragments of diverse sizes (1cm-20cm) and shapes of the host
Asu River Group are incorporated in the pyroclastics. The sizes of the fragments of the pyroclastics fall mainly within
the range of tuff and lapilli composed of mainly pyroxene, plagioclase, melilite and opaque minerals. The Nkporo
Shales form cover unit over the pyroclastics and do not show any effect of the volcanism on them. The stratigraphic
relationship between the pyroclastics and the surrounding sedimentary units shows that the pyroclastics erupted after
the deposition of Asu River Group shales (mid-Albian) but terminated before the deposition of the Nkporo Shales. This

correspon
the separaion of South America from Africa.

to period between Cenomanian and Santoman and suggests a link to the tectonic events that post-dated

KEYWORDS: Benue Trough, Tectonism, Abakiliki anticlinorium, pyroclastics, lapilli.

INTRODUCTION

The origini and evolution of the Benue Trough are
believed to be related to an aulacogen (Olade, 1975) or
rift formed iduring the separation of South America from
Africa in the Cretaceous (Okereke, 1988; Okeke et al.
1988; Freeth, 1990; Nwachukwu, 1990). Benkhelil
(1989) wag of the view that transcurrent faulting through
an axial fault system, which developed local
compressional and tensional regimes that resulted in
_basins and basement horsts, controlled the tectonic
evolution of the Benue Trough. Benkhelil (1989) further
posited that magmatism in the Cretaceous times was
restricted to main fault zones in most of the trough,
especially in the Abakaliki Trough, where it has alkaline
affinities. However, in general, these igneous activities
are thought to either precede the separation of South
America from Africa (Uzuakpunwa, 1974; Ekwueme,,
1994, Olade, 1979; Amajor and Ofcegbu, 1988) or post-
date Albian sediments in the trough.

A study of one of the igneous activities at Uturu,
8km east of Okigwe, within the foot of the Okigwe-Awgu
escarpment in the Lower Benue Trough was
undertaken. Literature indicates that four lithologic units
of Cretacgous ages have been recognized in Uturu
(Simpson, {1955; Reyment, 1965), with the marine shale
of the Asu River Group forming the oldest unit and the

Ajali Sandstone, the youngest unit. The Santonian
tectonism appears to have been accompanied by
development of major faults and spates of volcanic
activities (Hoque, 1980). Among the products of the
volcanic activities are pyroclastics, which are associated
with the Cretaceous sedimentary series, where the
Nkporo Shale oversteps the Asu River Group
unconformably. Pyroclastics are known to be important
constituents of vapour-rich magma phases, and their
eruption usually gives rise to a variety of fragments.

The pyroclastics outcrop in three low hills in
Amanyanwu village of Uturu (Fig. 1), covering a total
area of about 22,000m?, and trend in a NE-SW direction,
parallel to the Abakiliki anticlinorium (Fig. 1). The area
forms an uneven relief, with the pyroclastic hills showing
pronounced erosional features that impact smooth
surfaces, devoid of thick vegetation, to the rocks (Fig. 2)
and separated by low-lying Nkporo Shale. Lying at the
foot of these pyroclastic bodies are ferruginous sands
and dislodged boulders of the pyroclastics. Amajor et al.
(1988} interpreted the -Uturu pyroclastics as intra-
continental plate alkaline basaltic volcanic rocks. This
research is an attempt to use the mode of field
occurrence, mineral paragenesis and textural
characteristics deduced from petrography to suggest a
regional tectonic model for the Lower Benue Trough.

V. U. Uka‘gbu, Department of Geology, University of Port Harcourt, Port Harcourt, Nigeria
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Fig. 1: Geologic map of the Study area showing the outcrops of the pyroclastics at Uturu. Inset: Geologic map of part of
southeastern Nigeria showing the Abakiliki anticlinorium (adopted from Amajor and Ofoegbu, 1988).
METHOD OF STUDY RESULTS AND ANALYSIS

Field studies of three units of the pyroclastics
were undertaken to evaluate their spatial expressions
such as aerial extent, exposed sections, contact
relationships, structural trends and some special
features like sizes and shapes of fragments. Samples
were randomly collected verticaily and across the
exposures for microscopic studies to determine their
mineralogy and textures in order to properly classify
them and infer their petrogenetic and geothermal
characters.

Field Relations

The three units are essentially similar in mineralogy,
texture, contact relationship and layering pattern. There
are also other smaller units scattered around and
between these principal units. The pyroclastics intruded
the Asu River Group but are overiain in some parts by
Nkporo Shajle. Mamu and Ajali Formations are not
associated with the pyroclastics. The Asu River Group,
through which the pyroclastics extruded, is low-lying.
The pyroclastics form maximum relief of up 7m above
the flatland of Nkporo shales. Excellent exposures of the
pyroiclastics are displayed by massive quarry activities
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in the anea There are some distinctive layers from base
to top (Fug 3) and alternation of thick (0.75-1.5m) and
thin (abput 0. 15 layers in all the three locations of
7,500m3, 8, 438m and 6,250m’, respectively. When
fresh, the rocks are greenish to dark colour and light to
brownish colour when weathered. Large rounded,
spindle-shaped fragments (agglomerate bombs) of the
pyroclagtics are embedded in fine matrix components.

Mineral Composition

Mineralagy of the pyroclastics is uniform. In thin section,
the constituent minerals are mainly euhedral pyroxene
(augite), plagioclase and melilite. Quartz, pyroxene,
plagioclase and melilite occur as phenocrysts The
groundmass minerals show interference colours from
colourleg¢s to dark-grey, blue or brown, and are also
largely pyroxene, plagioclase and melilite. Opaque
minerals are present in varying amounts.

Fragménts and Textures
Pyroclagtics in the Benue Trough have been variously

Fig.2. Svarse vegetation within the nvroclastic bodies

described as pyroclastic flows, breccias, tuffs,
agglomerates (Okezie, 1965; Uzuakpunwa, 1974 and
Olade, 1979). Field studies indicate that all the
fragments are highly angular except for a few
agglomerate bombs in matrix of tuff or lapilti. Thus, most
of the fragments appear to have been emplaced in solid
condition. There are a few blocks of older rock
components of sedimentary origin, whereas majority of
the fragments fall under lapilli size. Thus. the
pyroclastics are principally composed of lapilli breccia.
Some few sections are composed of. entirely volcanic
tuff. In some places, lapilli are moderately scattered in
the tuff to form lapilli-tuff. The WUturu pyroclastics
compare with the Abakiliki pyroclastics described by
Olade (1979). Most of the large fragments are mixtures
of both angular and rounded fragments (Fig. 4). Some of
the fragments show chilled margins (Fig. 5), while the
vitric tuff shows vitroclastic texture (Fig 6) Vesicles are
common features of most parts of the pyroclastics

Fig 5. Chilled margin between layers ot the pyroclastics
nch in voleanic bombs and gid breccia

$ig.4 Porphyntlc textures of the pyroclasncs in the Qtudy Area Fxg 7. Shaly fragmem of the older Asu River Group

1in the pyroclastics.
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GEOTECTONIC IMPLICATIONS
Earlier workers relate the origin of the Benue
Trough to the separation of South American continent
from the African continent in early Cretaceous (Burke et
al. 1871; Wright, 1981). Many scholars believe that
South America finally separated from Africa in Santonian
times and that the high level tectonic activities that
occurred in Santonian times may be related to the
separation of these two continents (Wright, 1968, 1972;
Burke et al. 1971, Nwachukwu, 1972; Hoque, 1980).
The swinging back of Africa due to the final separation
from South America formed compression zones, which
may have been responsible for the intense folding,
faulting and volcanism in the Benue Trough, during the
Santonian times (Ekwueme, 1994). Burke and
Whiteman (1973) believed that the magmatism in the
Benue Trough was andesitic due to sea floor spreading.
The basaltic minera!l compositions of mainly
pyroxene, plagioclase and melilite, and the dominance
of fine to glassy texture and eruption along the axis of
the Abakiliki anticlinorium suggest deep-seated source,
which exploited the fissures created by the Cenomanian
or Santonian tectonism resulting from separation of
South America from Africa in the Cretaceous times
(Beka and Ukaegbu, 2006). The interactions of these
two continents may have resulted to fluid accumulation
in the axis of their stress field, along the Abakiliki
Anticlinorium, giving rise to explosive eruption of the
magma from beneath. Thus, the pyroclastics appear to
be products of widespread tectonism. which
accompanied the separation of South America from
Africa. However, the pyroclastics do not show any

- evidence of tectonic deformation
The pyroclastics seem to be controlled by the
NE-SW trending axis of the Abakiliki Anticlinorium,
suggesting that the Santonian (or earlier Cenomanian)
tectonic event might have formed a fracture system that
trends paraliel to the axis of the Abakiliki Anticlinorium,
in the Benue Trough. This evidence is coilaborated by
Hoque (1984), who said, “the pyroclastics are much
younger (late Santonian) than the Benue Trough (early
Cretaceous)”. The fracture system may have provided
the pathway for the magma that eventually erupted
explosively due to huge accumulated gas phase. If the
extrusion was consequent to the Cenomanian or
Santonian event, then it explains the presence of near-
vertical aligned mud rocks of the pre-Santonian shale of
the Asu River Group in the pyroclastics. The time of the
magmatism can be deduced from the stratigraphic
relationship between the pyrociastics and surrounding
sedimentary sequences (Table 1). Since the Asu Rwer
Group (Albian) is older than the pyroclastics as
supported by inclusions of its fragments in the
pyroclastics (Fig.7). and, on the other hand, the
pyroclastics are older than the overlying Nkporo Shale
(Campo-Maastitchian), then the pyroclastics were
emplaced between the Albian and Campanian times
However, because there were two tectonic episodes
between the Albian and Campanian times (Reyment,
1965; Nwachukwu, 1972; Uzuakpunwa, 1974; Olade,
1975), the eruption could have taken place during one of

these two events.

3

CONCLUSION

Petrological investigation revealed basaltic
source, dominated by pyroxene, plagioclase, melilite
and opaque minerals and the pyrociastics show primary
structures such as xenoliths of mud rocks derived from
the older shales of the Asu River Group, and parallel
layering. The stratigraphic relationship between the
pyroclastics and the surrounding shales of the Asu River
Group suggests a post-Albian but pre-Campanian age
for the pyroclastics. The eruption may be related to the
separation of South America from Africa. The
interactions of these two continents may have resulted
to fluid accumulation in the axis of their stress field,
parallel to the axis of the Abakiliki Anticlinorium,
resulting in explosive eruption of the magma from
beneath. The swinging back of Africa due to the final
separation from South America formed compression
zones, which may have been responsible for the intense
folding, faulting and volcanism in the Benue Trough,
during the Santonian times.
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ABSTRACT

Mid-Lower Miocene Agbada sedimentary intercalations of “AB” Field in the coastal swamp depobelt, Western Niger-
Delta, were evaluated to determine their sequence stratigraphic character. The analysis was based on a combination
of data gets mcludmg logs of six wells to describe lithic variations of the Agbada Formation within the ‘AB’ Field. These
well were integrated with biostratigraphic data to develop a sequence stratigraphic framework. The resuits
revealed two maximum flooding surfaces dated 10.4Ma and 9.5Ma. A sequence boundary dated at 10.35Mya was
also identified across the field. The strata in the study area were divided into lowstand system tracts (basin floor fan,
slope fan and prograding wedge), transgressive and highstand systems tracts. Biostratigraphic data suggested that
these sediments were deposited in coastal deltaic to bathyal marine environments. Basal deposits directly overlying
sequenge boundaries where formed by the migration of large distributary channels. Upward coarsening sets of
inclined' beds, hundreds of feet thick, record progradation of deltas into slope. Blocky and upward fining well-log
patterng are interpreted to reflect deposition in shoreline, paralic, and fluvial environments. The thick sequences of
highly microfossiliferous are the probable petroleum source rocks. The massive sand formation of the basin floor fan,
the sand-rich prograding wedge and the highstand sands as well as the transgressive sands constitute good—
reservoirs. The distal shale toes of the prograding wedge and transgressive shales as well as highstand shales form

seals for the stratigraphic traps formed in the study area.

KEYWORDS:- Sequence stratigraphic tool, system tract deposits.

INTRODUCTION

The Tettiary Niger Delta Basin is a prolific oil province
within the West African subcontment (Fig. 1). The basin
covers an area of some 70, 000km? area within the Gulf
of Guinea in Western Africa. Its origin is associated with
the faildd arm of a rift triple junction associated with the
opening of the South Atlantic during the late Jurassic
that pessisted into the Middle Cretaceous (Lehner and
De Ruiter, 1977).

Three formations are defined (Short and Stauble, 1967)
within the 4km (13,000 ft) thick Niger defta clastic
wedge based on sand/shale ratios estimated from
subsurface logs: (1) Basal offshore-marine and prodelta
shale of the Akata Formation, (2) Interbedded
sandstane and shale of the dominantly deltaic Agbada
Formation and (3) The fluvial continental sands of the
Benin Formation.

Sequence stratigraphy offers a model in which a series
of sys tracts within a depositional sequence is
deposited in response to a cycle of relative fall and rise
of sea level. The analysis of these cycles can be used
in how the mechanisms of sediment
tion, erosion and inter-related processes

involved in their deposition, as each layer is

bou! by surfaces that transgress time (Wheeler,
1958, Middleton, 1973; Vail et al 1977; Galloway, 1989;
Ca u, et al, 1988; Catuneanu, 2002; Embry, 2002;
Mitchumh, 1977; Fischer & McGowan 1967; Van

Wagoner et al; 1990; Van Wagoner et al; 1988, Kerans
& Tinker, 1997; and Mitchum & Van Wagoner, 1991).
Sequence stratigraphy was applied to sedimentary
analysis of ‘AB’ Field of the Niger Delta Basin using well
logs integrated with high resolution biostratigraphic data
of six wells to develop a sequence stratigraphic
framework for the field. This was done by ascertaining
the major bounding surfaces, their age relationships as
well as depositional environments.

The study area described as ‘AB’ Field is on the
onshore part of the Western Niger Deita Basin. The
delta is composed of mega units coastal swamp
depobelts (Fig.3). It is described as a shelf-contained
entities with respect to stratigraphy, structure-building,
and hydrocarbons distribution. The field covers an area _
of 450km square. The six exploration wells studied are

-all deviated (Fig. 4). The major producing Agbada

Formation has an average depth of 5,700ft in ‘AB’ Field.
The aim of this appraisal is to subdivide the stratigraphic
column of the “AB" Field into sequences and systems
tracts based on the integration of available well logs and
high resolution biostratigraphic data. This will help to
delineate potential reservoirs, source rocks and
stratigraphic traps, by identifying facies and their
associations as a tool for the development of a
sequence stratigraphic framework of the field. This is
done through the identification of parasequence and
establish parasequence set stacking pattern major
bounding surfaces, system tracts and predict field wide
sequence stratigraphical relationships.

G. 0.
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en, Department of Geology, University of Benin, Benin City, Nigeria
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Fig.2: Satellite image of the Niger Delta Basin
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Fig. 3: Stratigraphy and Depobelts of the Niger Delta Basin.
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Fig. 4. Well locations within AB Field

METHODOLOGY

The study focuses on the interpretation of depositional
processes in the Niger Deilta clastic wedge in ‘AB’
Field. S phic surfaces observed were correlated

between welis mapped across a 400 square km area.
Sequence stratigraphy is best determined when well
logs are tied to biostratigraphic markers. Using these
two combination, it is possible to identify, match and tie

' igraphic surfaces as well as interpret the
s of the vertical sedimentary sequences.
of electric logs of wells that penetrate the
reflect changes in grains size and so was
easily ap, bie to use in this process.

» Interpret lithology from log character,
confirm with cores and ditch cuttings where
possible.

> - Interpret depositional environments from

micropaleontology, palynology or from
palececology and then from well loy
character.

interpret condensed sections from faunai

abundance and diversity to recognise:
~ (a) Major condensed sections associated with maximum

‘1

~ flooding surfaces.

(b) Secondary condensed sections not associated with
maximum flooding surfaces.
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(c) Base of lowstand prograding wedges.

(d) Base of lowstand slope fans.

(e) Minor condensed sections between attached lobes in
slope fans.

> Age date with high resolution biostratigraphy

and correlate with global/company sequence
cycle chart.
» Interpret sequence and system tract boundanes
from log character.
> |dentify and correlate parasequence and marker
beds.
» Construct well log sequence stratlgraphlc Cross-
sections.
> Prepare a chronostratigraphic chart from key
cross sections to summarize stratigraphic
framework.
» Predict the source rock, reservoir rock and seal
for any potential petroleum accumulation.
The data base made available for this study were
supplied by Shell Petroleum Development Company and
they include; Base map of six well locations, Structural
map, well log data: Gamma ray, Spontaneous potential,
Resistivity, Neutron (CNL), and Density (FDC),
Biofacies data, Pollen/faunal zonations and
- Global/company sequence cycle chart.

RESULTS AND DISCUSSION

Lithostratigraphy

The lithological profile of AB-1 derived from gamma ray
log signature of the subcrop has the following key
lithological units within the Tertiary Agbada Formation of
AB Field.

Retrogradational facies (11,670 — 9,850 ft AHD): This
lithologic unit is dominantly composed of marine shale,
70% and sandstone 30%. The marine shale units are
fine-grained with a dark to medium grey or dark brown
colouration in which siderite cements may be common.

The sandstones are transgressive marine sands.
Biostratigraphic analysis indicates that these facies were
deposited in an inner to middie neritic zones.
Progradational facies (9,850 — 7,720 ft AHD): This
lithologic unit is dominated by sand, which accounts for
about 60% and 40% shales. Biostratigraphic analysis
indicates that they were deposited in innéer “neritic to
bathyal zones.

Progradational facies (7,720 - 6,900 ft AHD): This
lithologic unit is dominantly composed of sand, which
accounts for about 70% while shales make up 30%.
Biostratigraphic analysis indicates that these facies were
deposited in middle neritic to bathyal zones.
Retrogradational facies (6,900 — 6,500 ft AHD): This
lithologic unit is dominated by marine shale, which
accounts for about 70% and 30% sandstone. The
marine shale units are fine-grained deposits comprising
of shales and silty shales in which siderite cements may
be common with a dark to medium grey or dark brown
colouration. The sandstones are transgressive marine
sands. Biostratigraphic analysis suggests that these
facies were deposited in middie neritic to bathyal zones. -
Progradational facies (6,500 — 5,110 ft AHD): This unit
is dominated by sand 60% and 40% shales.
Biostratigraphic analysis indicates that these facies were
deposited in proximal fluvial marine to bathyal zones.

Biostratigraphy

High-resolution biostratigraphic data were analysed for
faunal abundance and diversity, condensed sections
where identified by stacks of biofacies populations.
Maximum flooding surfaces were identified by peaks in
micro faunal abundance and diversity. Faunal diversity
minima were used to pick sequence boundaries. Micro-
floraffauna zonations were used to establish age
relationship. The biofacies signatures revealed
condensed sections at 5110-5261ft AHD, 6200-6681ft
AHD and 8780-9652ft AHD in AB-1.

Table 1: Microfaunal Zonation Of AB-1

OML XXX
TOP BOTTOM F.ZONE RELIABILITY REMARKS DATE
DEPTH DEPTH GRADIENT REVISED
0 4200 No Data 02/03/2006
4256 4483 v Barren
4509 6233 F9600/F9700
6320 12980 F9600 1 Top Nonion 4
13040 13760 ) Undiagnostic
MICROFAUNAL MARKER
6440 F9650 3 No Uvigerina 8 Ass. Fauna only
Table 2: Palynological Zonation of AB-1
AB-01
P ZONE TOP BOTTOM RELIABILITY REMARKS DATE
DEPTH DEPTH GRADIENT REVISED
12/04/2002
0 4250 No data
P830 4256 5628 4 q.b. 45
P820 5660 6720 2 q.b. 292
P788 6800 6980 . Negative
P784 7046 11210 3 t. reg. 250
P770 13610 13700 . 2 t. 440
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Sequencte Stratigraphy

The lithology of the AB-Field was dominated by
alternating intercalations of sand and shale. The
parasequiences identified from well log characters were
of the caearsening upward cycles, consisting of shale at
the base and sand at the top. From the parasequences,
paraseqbence sets stacking patterns were built. The
parasequence stacking patterns identified were
aggrading, prograding and retrograding. Parasequence
set cycle order was on the average of 5,000 years for
the depeosition of each cycle deposit. The first major
bounding surface identified down hole was the
maximui-n flooding surface (MFS) occurring at 9,850 ft
along hole depth (AHD) which formed when the last fine-
grained widespread transgressive sediment was
depositedl. The MFS is within a condensed section
composed of sediments rich in the tests of micro-fossils
that were not buried by sediment deposition because
sedimentation rates were slow in comparison to the area
of sea floor available for sedimentation. The MFS was
age dated with biostratigraphy at 10.4Ma. Beneath the
MFS, is jthe transgressive system tracts (TST) formed
during al rise in sea level, above the shelf margin as
eustasy ‘began to rise rapidly. The TST is associated
with a ravinement erosion surface formed when the
- fransgressing sea reworks either the prior sequence
boundary or the sediments that may have collected
during the regression that followed the formation of the
sequence boundary. The system tracts above the MFS
was observed from log signatures to be the high stand
system tracts (HST) which was interpreted to have been

sC|C DEPTH oLO
()

7000

T8

11000

12000

Fig. 5: Sﬁaﬁgraphic summary model of AB-1

deposited at a time of stil stand of base level
Parasequence sets identified include progradational and
aggradational sets. The HST was associated with a slow
rise of relative sea level followed by a slow fall when the
slower rate eustatic change balances that of tectonic
motion  resulting in sedimentation  outpacing
accommodation space. The prograding highstand
clinoforms developed in the process capped by
aggrading parasequences that thin upward. The SB at
the base of the LST occurs at 7,720 ft AHD and was age
dated at 10.35Ma biostratigraphically. The lowstand
system tract (LST) occurred with a fall in sea level
induced by eustasy falling rapidly, causing fluvial
incision up dip with formation of a sequence boundary
focusing sediment input at the shoreline. Basin floor fans
(BFF) resulting from slope instability were deposited as
sediments transported from the fluvial systems are
rejuvenated by the forced regression. The top of the
(BFF) was identified at 7,340 ff AHD. The slope fans
(SF) formed when sedimentation rates slowed as
reduction in slope instability prevented sediments from
being dispiaced far down slope. The top of the SF was
identified at 7,110 ft AHD. With slow relative sea level
rise induced by a rise in eustasy there was an increase
in accommodation space relative to sedimentation
resulting in lowstand prograding wedge (LPW)
characterised by parasequences that aggraded. The top
of the LPW was identified at 6,900 ft AHD. A final TST
with a condensed section developed above the LST
terminating in an MFS at 6,500 ft AHD age dated with
biostratigraphy at 9.5Ma. The top of the final HST was
not covered by petrophysical well log data. ‘

SYSTEM TRACTS AGE

HST

TsT MFS || osm

ya

LST
sSB 1035

mya

HST

TST MFS 104

mya

KEY: HST: Highstand system tracts MFS: Maximum flooding surface
TST: Transgressive system tracts

LST: Lowstand system tracts SB: Sequence boundary
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DISCUSSION

The AB stratigraphic intervals fall within the parelic
sequence of alternating sand and shale bodies of
variable thicknesses. The sand/shale ratios generally
decrease with depth suggestive of a fining downward
motif. The entire sequence constitutes an overall
prograding delta with some periods of transgression.

Integrated results of well log and biofacies
interpretations revealed that the paleocenvironment of
deposition of the sediment, in ‘AB’ Field ranged from
inner neritic to deep marine; Three stacking patterns -
progradational, aggradational and retrogradational
patterns were identified, Two maximum flooding
surfaces and a 3RD order sequence boundary were
delineated. The basin floor fan, the sand-rich prograding
wedge, the transgressive sands and the highstand
sands constitute good (potential) reservoirs. The distal
shale toes of the prograding wedge as well as highstand
shales and transgressive shales form seals for
stratigraphic traps formed in the study area. Possible
migration pathways include carrier beds and faults. The
reservoir units include; Channel Sandstone, Channel
Heterolith, Upper Shoreface Sandstone, Lower
Shoreface Heterolithic, and coastal Plain Sandstone.
Stratigraphic traps identified include submarine fan and
lowstand wedge.

Sequence stratigraphic correlation of AB Field was
achieved through the identification and correlation of
flooding surfaces (chronostratigraphic lines) across the
wells. The intervening stratigraphic units were thereafter
correlated within the time lines defined by flooding
surfaces, thus revealing two maximum flooding surfaces
(MFS) and a third order sequence boundary (SB) across
the field. The log character is of upward-coarsening
sandstone successions that generally correlate across
AB Field to mostly blocky and upward-fining
successions that are less continuous between adjacent

s$C C
1 e
— 1] 5000
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'77,3 oco
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-~ Fig. 6: Stratigraphic correlation along strike

well. Progression from prograding delta deposits to deita
top and fluvial facies was recognised.

Sequence boundaries within the Agbada Formation, in
the area of AB Field, are defined by channei-form
deposits observed to directly overly the sequence

boundaries and these are deposits of the “Lowstand

Rivers”. Vertical logtrends within these sequences are
similar to those predicted by the standard models for
prograding deltaic shorelines. Deposits directly above
sequence boundaries are coarse grained, and generally
fine upward. Log trends generally change from thicker,
sandier, blocky and upward-fining successions to thinner
upward-coarsening  successions,  suggesting a
progression from channel deposits to dominantly :
offshore prograding lobes. This reflects deepening
upward from the sequence boundary to maximum
flooding surface characterised by (retrogradational
parasequence set) depositional shoaling. The Agbada
Formation is generally interpreted to contain fluvial-
deltaic deposits (Weber and Daukoru, 1975). Well logs
through the sequences clearlty show an up-section
progression from blocky upward fining successions
(channe! deposits) to upward-coarsening successions
(prograding lobes) which reflects a progression from
fluvial depositional settings to pro-delta and deltaic
shorelines. Eustatic Sea level variations during the
Middle to Late Miocene correlates with sequences in AB
Field. Lowstand shelf exposure occurred when incised
fluvial valleys carried sediments directly to the slope
edge depositing - facies directly above sequence
boundaries. As accommodation filled, the locus of
sediment deposition and loading would also have shifted
seaward. The evolution of channel meanders appear to
be similar to fluvial meandering channels in terms of
direction and geometry of channel migration channel fills
are coarse-grained. Well"log correlations indicate that
most reservoir sandstones are associated with the
sequence boundary.
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Fig. 7: Stratigraphic correlation along dip
CONCLUSION prograding wedge as well as highstand shales and

The depositional model of ‘AB’ Field based on the
identified $ystem tracts conforms to the Type 1
sequence of Vail (1987). Integrated results of well log
and biofacies interpretations revealed that these strata
were deposited by interaction of subsidence, eustatic
changes in sea level and varying sediment supply during
the late Miocene to middle Miocene. The dominant
multiplicity of biofacies suggests the heterogenic
depositional environment of ‘AB’ Field which ranges
from coastal deltaic to deep marine. The
chronostratigraphic  framework - consists of two
depositional sequences related to depositional cycles
2.6 and 3.1, which were identified and delineated in the
well. Two maximum flooding surfaces and a 3RD order
sequence boundary were delineated across the field.
Five system tracts were identified. Three parasequence
stacking patterns; progradational, aggradational and
fetrogradational patterns were identified. Laterai/vertical
. continuity of facies depended on parasequence
associations. Most reservoir units occur between the
10.4Ma MF$ and the 10.35Ma SB. The morphology and
importance | of reservoirs and seals vary between
systems tracts. The reservoir units include; Channel
Sandstone, Channel Heterolith, Upper Shoreface
Sandstone, Lower Shoreface Heterolith, and coastal
Plain Sandstone. Seals include coastal plain shale and
marine shales Stratigraphic traps include submarine fan
and lowstand wedge. There is an observed overall
shallowing supward log trend in ‘AB’ Field. The basin
floor fan, :the sand-rich prograding wedge, the
transgressive sands and the highstand sands constitute
good (potenFal) reservoirs. The distal shale toes of the

transgressive shales form seals for the (potential)
stratigraphic traps formed in the study area. Possible
migration pathways include carrier beds and faults.

The fundamental advantage of this study is that it
provides a series of tools with which sedimentary
architecture can be analysed and predicted in areas far
away from well control. This study developed a
sequence stratigraphic model for the Agbada Formation
in the Niger Deita Basin based on integrated well log
and biostratigraphic data from AB Field. The following
conclusions are reached,

i One sequence boundary (major erosion
surface) divides the AB Field mto two
sequences, each formed during relative levels of
eustacy.

ii. Sequence boundary appeared to have formed
by lowstand fluvial incision (as commonly
interpreted in other major deltaic successions).

i System tracts developed in response to
sedimentation accommodation and eustacy.

iv. Complex deltaic sequences can be confined to
time bound systems tracts within which the
constituent sediment packages can be
correlated in detail on well to well basis at the
fourth order parasequence level.

V. Identifying and mapping of deeper water facies
that would otherwise be overiooked in routine
seismic mapping are revealed by sequence
stratigraphy.

i The forecasting and identification of prospective
plays in downdip portions of the Niger-Delta
basin.
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Table 3. Depth and age of major surfaces in AB Field

MFS TLPW | TSFS TBFFS | SB . | MFS
AB | DEPTH(FT) | DEPTH(FT) | DEPTH(FT) | DEPTH(FT) | DEPTH(FT) | DEPTH(FT)
1 6,500 6,900 7,110 7,340 7,720 9,850
2 6.080 6,980 7,230 7.500 7.950 9,960 :
3 6,640 6,920 7,130 - 7.330 7,690 9,770
5 6,530 7.290 7860 8,240 8,500 9,720
6 6,400 7.100 7,670 8,000 8,500 9,720
[7 6,350 7,140 7,300 7,500 7,960 9,860
AGE | 9.5MYA 10.35MYA 10.4MYA
Table 4: Parasequence type and hydrocarbon distribution
P/SEQUENCE | HC WELL 5 WELL 6 WELL 7 WELL 1 WELL 2 WELL 3
type
AGGRADING | DEPTH (ft} 8.960 - 9030 9.00 - 9100 7.490 -7.580 | 8.200-8,280 | 6270 %6320 8340 - 8360
(LST) . : >
v . — S
AGGRADING DEPTH (ft) 9 090 -9.120 9.310 - 9330 7.750-7.770 8,450 - 8.470 7350 - 7370 9030 - 9065
(HST) P ’ . . / *
PROGRADIN | DEPTH (ft) 9.150-9,165 | 9,370-9.440, | 7.780 -7,820 | 9.210-9230 | 7480 - 749D 9980 - 10500
G(HST) 9 /' "
™~
N
RETROGRAD | DEPTH (ft) 9.300-9415 | 9.590-9.650 [ 8.260-8290 | 9,260-9,280 | 8250 - 8300, .
ING(TST)‘\‘ « « P «
PROGRADIN | DEPTH (ft) 9.970-98990 | 10,100 9.350-9390 | 9,380-9.410 | 8610 -8620 .
GsnH .’ . 10140 X b «
~ AN :
DEPTH (ft) 10,180 - w 10750 — w 9.560 - 9,570.. | 9.65Q — 9.730
10240 ™ 10780 "
DEPTH (ft) 10800~ - | 9.580-9650 | 10.240-
10880 ™ * 110280
~, ~
DEPTH (ft) 11.170 -
11220 =
DEPTH (ft) 11390 - =
11420 . |
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NS&BE FORMATION (?): A CASE OF NON-COMPLIANCE WITH
STRATIGRAPHIC NOMENCLATURAL PROCEDURES

B. N. NFOR
(Received 1 April, 2008; Revision Accepted 30 July, 2008)

ABSTRACT

The compliance level with the code of generally accepted stratigraphic nomenciature by authors who have introduced,
used and disseminated the terminology “Nsugbe Formation” in both national and international geologic literature has
been investigated using relevant articles of the American Commission on Stratigraphic Nomenclature (ACSN) and
existing field observations/data on the lithologic unit. Results show that the said ‘Nsugbe Formation (?) has never
been ially proposed for consideration as a formal stratigraphic unit in any scientific journal (as required by the law)
and should not be used as such. Results have further shown that this indiscriminate use of formal stratigraphic names
without due diligence is not unconnected with the bizarre absence of neither any official Nigerian code on stratigraphic
nomenclature nor any Compendia to record/guard Nigerian stratigraphic names. The case of the Nsugbe Formation
(?) is not an isolated incident of non-compliance,; it is believed to be one out of a multitude of non-compfiant cases, if
any stratigraphic watch dog committee were to beam its search light on existing stratigraphic units. The main
objections to the acceptability of the formalization of the unit as ‘Nsugbe Formation’ (as has been introduced and
used), borders on the non-compliance with legal stratigraphic nomenclatural requirements, viz; specifying a Type
Section, Type Area, distinct lithologic characteristics, sedimentologic details and its mappability on scales of 1:25,000.

KEYWORDS Nsugbe Formation, Anambra Basin, Type Section, international Code of Stratigraphic Nomenciature, )

Non- comphance
INTRODUCTION

Between the years 1903 and 1904, Nigeria witnessed

the inauguration of its pioneer geologic bodies - the -

Mineral Surveys of Southem and Northern Nigeria
respectively. The two bodies were charged with the
initial mineral survey/geological investigations of the
country The Geological Survey of Nigeria (GSN) was
created in 1919, following the dissoiution of the Mineral
Survey units, and was charged with the responsibility of
mapping the entire country. According to a Geological
Survey of Nigeria (GSN) Report, (1987, p7.) the pioneer
British expatriate geologists collected samples in Nigeria
and took them to London for laboratory analyses/map
production. It is thus logical to conclude that most
important geologic works including the nation-wide
geological survey and mapping that resuited in the
drafting and production of all topographic and most
geologic maps used in Nigenia today were guided by the
British | Geological Codes. Such codes including the
Code-on Stratigraphic Nomenclature, which possibly
could have been either completely accepted (without
amendments), or amended/adopted by Nigerian
geologjsts is yet to be officially documented in the
annalsfarchives of the GSN or any such related

body, forty-seven years after independence.
The a ce of such an importart document is most
probauly responsible for the introduction and use
(though not a common ocwnenoe) of some
stratiggaphic names in the stratigraphic record
as though they had been formalized, as exemplified by
the use of ‘Nsugbe Formation’. Hf this scenario
continges unabated, Nigerian stratigraphy could soon

begin to witness a more chaotic state than that of the
early European stratigraphy prior to its reorganization.

Weli over thity years ago, while investigating the
sedimentologic and stratigraphic features of the Nanka
Sands in Anambra State, Southeastern Nigeria,
Nwajide, (1977) observed some remarkable lithologic
changes extending from the northwestern part of
Onitsha town to Nsugbe and environs. To him, the
occurrence of a distinctly ferruginized and quite
consolidated sandstone adjacent the Nanka Sand was a
clear indication that he had reached the northwesterly
boundary of the Nanka Sand. Nwajide, (1977) in his
unpublished M.Phil Thesis, suggested ‘Nsugbe
Formation’ status for the area. The extent of the
formation according to Nwajide (1977) is presented in
Figure 1. Such a binomial nomenclature in
lithostratigraphic nomenclatural circles is indicative of a
formally proposed, accepted and adopted
lithostratigraphic unit whose geographic location (entity)
is Nsugbe and its position in the lithostratigraphic
ranking is of formational status. Since then, many
authors including Umenweke (1898), Egboka (1993),
Orajaka et al (1992) among others have embraced,
taught and disseminated such literature in scientific
journals  (both iocal and international alike) and in
classrooms. _

The objectives of the present research are multiple;
firstly, to investigate whether Nwajide (1977) or any
other person had ever formally proposed ‘Nsugbe
Formation’ for consideration as a formal stratigraphic
unit, and secondly to find out whether due process was
observed (as required by stratigraphic nomenclatural
norms) in that event and if not to find out why the term

B. N. Nfor, Department of Geology, Anambra State University, Uli P.M.B. 02 Uii, Nigeria.
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has continuously been and is still being used in current
scientific publications.

METHODOLOGY

The methodology adopted for this work is an in-depth
analysis of the relevant articles of the American
Commission on Stratigraphic Nomenclature (ACSN) and

in his M.Phil Thesis. The articles of the ACSN, are a set
of guidelines for naming/renaming of stratigraphic units.
This is one of the most widely accepted and handy legal
stratigraphic document, itself adapted from the
documents of the International Commission on
Stratigraphy (ICS). The ASCN document is adopted
here in the absence of any such customized document
in the annals of neither, the present Geological Survey

the reappraisal of existing field data on the Nanka Sands Agency, the (GSA), nor the Nigerian Mining and
and the ‘Nsugbe Formation’ as muted by Nwajide (1977) Geoscience Society (NMGS).
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Fig. 1: The position of the Nsughe Formation in Anambra State. (After Nwaijide, 1977)

RESULTS

Outcrops of the Nsugbe Formation { ?)

Egboka (1993) and Orajaka et al (1992) have identified
and assigned some outcrops to the Nsugbe Formation,
which inciude the outcrop located at Km 18, near Tempo
Mill Factory, Umunya and that at the Onitsha Toll gate
all along the Onitsha-Enugu express way; and the
outcrop at Km 116 aleng the Onitsha — Adani-Nsukka
road, near Nsugbe. The locations of these outcrops are
presented in Figure 2.

The outcrop located at Km 18, Umunya is a focus of
intense controversy since according to Nwajide and
Reijers (1996) and Nwajide et al (2004), it is an outcrop
of the Nanka Sand. In fact, Nwajide (personal
communication) has even proposed the outcrop as a
replacement to the original Nanka Sand Type Section

because the original Type Section at Nanka is almost
concealed and inaccessible due to unabated gully
erusion activities. in order to give a fair and unbiased
arbitration of two contrasting opinions about the Km 18
outcrop, ihis write-up briefly inspects the sedimentologic
and stratigraphic variation between the Nanka Sand
exemplified by its Type Section and those of the Nsugbe
Formation. The Type Section of the Nanka Sand is
presented in Figure 3.

The type locality of the Nanka Sand is a gully erosion
site at Nanka (Reyment, 1965, Nwajide, 1977, Kogbe,
1088). At the type locality, the vertical fithologic section
of the Nanka Sand is about 305m thick and is
subdivided into seven subunits; |, Il}, V and Vil. The
sands are uncemented, loose, medium to coarse, often
pebbly sandy beds, while units | and V consist of
ferruginous sandstone bands. Subunits |, Il and Vil are



byavus-beds,andoccasionauy flaser contain clots of carbonaceous matter as disseminated

g beds or occasionally siit and clays/shales  specks of pyrite, glauconite, gypsum nodules and
are observed, which are grey in colourand ~ muscovite flakes.

r o

Fig. aismmedmadmapshmgomopbmtmasmdbmmeFM(mﬁom
= Egboka, 1993)

Fig. 3: Siv hic and lithologic summary of the Type Section of the Nanka Sand st Manka Town (after
! Nwajide 1980)



142

B. N. NFOR

At Km 18, the outcrop consists essentially of three
subunits based on lithology and lithologic associations,
gross appearance and parasequence stacking patterns;
a lower unit of poorly sorted, medium grained,
quartzose, friable sandstone with clay matrix; a mid-
section consisting of laminated, slightly fissile mudrocks
and sandstone and an upper section of regular
alternation of decimeter-thick beds of fine, clayey, ripple
laminated, sandstone and grey clays. The sandstone is
predominantly cross-stratified, ripple laminated and
contains horizontal burrows. This description seems to
correlate more closely with the outcrop type section of
the Nanka Sand shown in Figure 4 whose type locality
has been interpreted as tidal deposits formed by neap-
spring tidal cycles (Nwajide, 1996).

The description of the Nanka Sand here greatly contrast
with an adjoining unit, which exhibits high level of

ferruginization, coarse to pebbly cement and thus highly
consolidated sands. The outcrops at Km 116 along the
Onitsha — Adani — Nsukka road and at the Onitsha Toll
gate were compared with those described above by
Nwajide (1977). At these two locations, the outcrops
sections consist of ferruginized, indurated coarse
grained sandstone, grading into gravels. By virtue of
their stronger resistance to erosion (in contrast to the
friable and gullysprone areas underlain by the Nanka
Sands), areas underiain by the Nsugbe Formation ?
exhibit isolated rounded hills, which have been
occasionally exposed at stream channels and by local
miners who quarry the rocks into gravelly aggregates for
construction works. Abandoned quarry sites would thus
be the most ideal sites to study the Nsugbe Formation?
and could constitute excellent sites for its type section.
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Fig. 4: Lithologic section of Nanka Sand at Umunya exposed at Km 18 Onitsha along the
Enugu-Onitsha expressway
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DISCUSSIONS

The arti of the American Commission on
Stratigra Nomenclature.

The Preanle of the ACSN among other things states
that “The afticles of this code are recommendations that -
cannot generally mandatory, but geological

organizations may adopt these articles as their rules of
! procedures...” Article 3 of the ACSN

g systematic collection of rules of formal
classification and nomenclature. Articles 4

at sharp contacts, or drawn arbitrarily
in the zone of gradation.

section should be designated, with a cl'ear
iption of the lateral and vertical variations.

in article 3 of the ACSN are better
‘when applied in consonance with article 13.
als with the procedures for establishing
igraphic units. According to article 3, a
unit is formal if it has been proposed in

hand, a stratigraphic unit and its name are classified as
informal if they have not been formally proposed. The
connotation of the nomenclature “Nsugbe Formation® in
stratigra circles is that, it is a formal lithostratigraphic
unit of formational rank status, whose geographic
is Nsugbe. The present research however
very serious legal stratigraphic flaws in the

y, there has never been a statement of
designate the unit as formal. Furthermore,
sal to be accepted (if it were ever made
at all), the foliowing vital requirements must be provided;
specific tyﬁe section, specific type locality, one or more
of represemtative sections near the geographic feature
and more| especially, map of the section, whose
practical m@appability should be at scales of the order of
1:25,000. As far as this researcher is concermned the only
information provided by Nwajide (1977) included a
partial andjprovisional Nanka Sand/Nsugbe Formation ?
boundary, lithology of the unit, its stratigraphic position
relatlve to the Nanka Sand and its age — Eocene. When
) n is welghted agamst the requnrements for

little to be aocepted if proposed without

providing er information as demanded by the code
of the AGSN. Furthermore, such observations and
suggesti by Nwajide (1977), were simply highlighted
in his M.P8il Thesis and not in any recognized scientific

stipulated by article 13 of the ACSN. The
nized scientific medium according to article
‘a form of publication, available to the
scientific public, regardless of size of edition or form of
publication but it clearly excludes restricted media such

al and informal names and units. The

as letters, company reports, thesss, dissertations,
newsletters and commercialtrade journals’. Article 13
further emphasizes that “...fo be valid, a new name
should be duly pmposed as outlined above'. -The
provisions of the last two paragraphs of Articie 13 have
provided very strong evidence against the continual use
of the terminology ‘Nsugbe Formation' since Nwajide’s
(1977) medium of communication was his M.Phil thesis.

CONCLUSIONS AND RECOMMENDATIONS

Based on available field data relating to the muted
Nsugbe Formation (?)there exist some remarkable
differences between it and an adjacent formation -
Nanka Sand, which is its lateral equivalent. The data
has further shown that, the major lithologic .differences
between the two is the highly ferruginized nature of the
Nsugbe Formation (?) in contrast to the friable,
unconsolidated Nanka Sands. The only work in the unit
was done by Nwajide (1977) and other existing minor
reports have not provided enough evidence/data to
enable it attain formal lithostratigraphic nomenclaturat
status, as required by the rules guiding lithostratigraphic
nomenclature. It is thus logical that the terminology
‘Nsugbe Formation’ is unlawfully used since its
introduction and use are not in compliance with the
rules/procedures guiding stratigraphic nomenclature. It
is also hereby advocated that relevant geological bodies
like the Geological Survey Agency (GSA), Geological
Survey of Nigeria (GSN), Council of Nigerian Mining
Engineers and Geoscientists (COMEG) and the Nigerian
Mining and Geosciences Society (NMGS) etc should
establish a Compendia, maintained by a proposed
Geologic/Stratigraphic Committee of Nigeria (in the likes
of ACSN), where names and nomenclatural procedures
and history of formal units will be recorded and
preserved. These, it is believed will go a long way in
enthroning high compliance levels with stratigraphic
norms and also easy referencing.
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ABSTRACT

Geological:studies show that the Jebba area, SW. Nigeria is underlain by metasedimentary and metaigneous rocks
including gneisses which have been intruded by Neo-Proterozoic (Pan-African) granitic rocks. The metamorphic rocks
including migmatitic gneiss, quartzofeldspathic gneiss, metagreywacke, quartzite, quartz-mica schist and granitic
gneiss have been subjected to polyphase deformation. Early, D,, deformation gave rise to recumbent folds associated
with axial planar foliation. Later, D, event produced asymmetrical folds and axial planar crenulation cleavages. The D,
episode was associated with ductile thrusting at deeper crustal leveis and D, with brittle thrusting at upper crustal
levels, as well as tight to open folds with subhorizontal axial planes. Ds involved strain localisation along steep, strike-
slip faults.

KEYWORDS: Jebba area, polyphase deformation, foliations, folds, ductile thrusts, stretching lineations, brittle thrust
faults, strike-slip faults

INTRODUGTION (Grant 1970, Oversby 1975, van Breemen et al 1977,
Fitches et al/ 1985, Rahaman 1988, Dada et al 1994).
The Nigerian basement complex forms part of The existence of the Kibaran (ca 1100 Ma) event in
the internal zone of the Pan-African orogenic belt east of Nigeria claimed by some workers (Ogezi 1977,
the West African craton (Fig. 1) This basement complex Ekwueme 1987) on the basis of some Rb/Sr dates on
comprises Archean and Proterozoic rocks which have metamorphic rocks is not generally accepted (Ajibade et
been subjected to Liberian (ca 2700Ma), Eburnean (ca al, 1987).
2000 Ma) and Pan-African (ca 600 Ma) orogenic events

.
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ig. 1. Index map of the Trans-Saharan belt showing the location of Nigeria including Jebba area
(after Ferre et al 2002)

C. T. Okonkwo, Department of Applied Geology, Federal University of Technology, Akure, Nigeria.
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The polyphasal nature of the deformation of the Nigerian
Precambrian basement rocks has been recognised by
several workers eg Annor and Freeth (1985), Fifches et
al (1985), Ajibade and Wright (1988), Odeyemi (1988),

Rahaman (1988), Ekwueme (1987), and Ukaegbu avnd; )

Oti (2005).

Since Okonkwo (1992) much more work has
been done in the Jebba area; the field mapping has
heen extended to Aderan in the west, more data have
been collected enabling a better understanding of the
structural relationships and the structural development of

the rocks in this area. This paper discusses the

-+ structural evolution of Jebba area in the light of these
" new developments.

LITHOSTRATIGRAPHY OF JEBBA AREA
The Jebba area is underlain by
metasedimentary and metaigneous rocks which have
been intruded by post-tectonic granitic rocks of probable
" Pan-African age (Fig. 2) A provisional lithostratigraphic
" classification of these rocks is presented here.
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Fig. 2: Geological map of Jebba area

Migmatitic Gneiss

This unit outcrops in the western part of the siudy area
and comprises a sequence of variably migmatised
gnheisses with concordant quartzo-feispathic
segregations and bands. Locally it may also comprise
augen gneiss components. The paleosome appears to
be dominantly metaigneous and the migmatisation
seems (o be be the pro ducts of both metamorphic
segregation and injection of granitoid material. '

Quartzofeldspathic Gneiss

This unit outcrops in the eastern part of the area and
comprises a sequence of grey, gneisses containing
quartz, microcline, plagioclase and biotite which may
locally contain thin concordant to subconcordant granitic
veins.

Metagreywacke
A sequence of grey, quartz - plagioclase- and biotite-
bearing psammitic rocks is exposed in the eastern part

of Jebba area (Fig. 2). Occasionally, these rocks show
relict grading with quartz-and feldspar- rich bases and
biotite-rich tops. These petrographic characteristics
suggest that these rocks were immature psammitic
sedirnents similar to greywackes (Pettijohn 1975).

Thin, pale-coloured and discontinuous 0.5 to
5cm thick cale-silicate-rich bands containing epidote,
plagiociase, biotite, actinolite and sphene  occur
sporadically within the metagreywacke. Concordant to
discordant sheets of amphibolite containing hornblende,
oligoclase, epidote, minor quartz, biotite and accessory
sphene occur within the metagreywacke. The
metamorphic assemblage in much of this unit indcates
greenschist facies of metamorphism.

Quartzite

A sequence of quarizites which is locaily micaceous is
exposed in the N-S trending ridges extending from west
of Jebba in the northwest to west of Biribiri village in the
south-west (Fig. 2). Near the contact with the
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ke, the sequence is marked by 3 to 5m
of pebbly quartzite containing pebbles of
uartz and smoky quartz as well as smaller
icrocline in a matrix of finer quartz and
ins interpreted as representing a matrix-
glomerate.

quartzites locally show preserved cross-
and locally occur as thinly-bedded, flaggy
locally, crystals of randomly-oriented
ins occur especially within foliation planes

white vein
grains of
muscovite
supported
Th

tourmaline d

in the quariites and 30 to 200m thick quartzite units
occur as iMercalations in the metagreywacke (Fig.
2).The eas band of quartzite possess evidence of

higher gradg of metamorphism in the upper amphibolite
facies whichl was probably acquired in deeper levels of
the crust.

Quartz- Mica Schist
A sequen of quariz-biotite muscovite schists
structurally agverlies the quartzite in the west (Fig. 2).

Locally the sichists contain thin psammitic bands which
are gradational with the schists probably reflecting
original sedinentary grading. The schists range from
dominantly muscovite-rich bands to more biotite-rich
ones best exposed in Dutse village (Fig. 2).
. |
Granitic Gn
This unit is € sed east of Jebba town (Fig. 2) where it

occupies a N-S belt between the metagreywacke and

quartzofeldspthic gneiss. The granitic gneiss is a
pinkish, medium-grained rock containing quartz, K-
feldspar, oliggclase, minor biotite and muscovite along
with acces ilmenite, epidote, sphene and chiorite.
This unit is njarked by heterogeneous strain producing
rocks from kly deformed granite to mylonitic granitic
gneiss.

Late- to Post#ectonic Granitic Rocks

Several bodies of undeformed granitic intrusions occur

within the measedimentary rocks (Fig. 2). The rocks
comprise mginly medium-grained granites and
granodiorites which contain variable amounts of quartz,
microcline, plagioclase, biotite and minor hornblende. A
porphyritic vargety occurs in the northemn margin of the
study area. | :

STRUCTURAL HISTORY :
Five phases ofideformation termed D,, D,, D;, D4 and Ds

have been ignised in the Jebba area.

D, Structures |

Friiatinn

. penehative foliation, S,, is widely-developed in the

various metangorphic rocks. The character of this
foliation varies from a preferred orientation of micas and
amphiboles in the metasedimentary rocks and
amphibolites toi gneissic banding in the gneisses. The
attitude of the
as a result of
rotations duri
distribution of
maijor fold s

S1 is

S, planes define the geometnes of the
es in the area (Fig. 2).

rocks except at the closures of the F,
s the bedding at high angles (Fig.3).

the D, and later events. The gross

lly parallel to bedding, So, in the -

Fig. 3: F, (D,) folds in quartzite with axial planar S,
foliations

Foids )

The earliest recognised minor folds (F,) deform
the bedding as defined by lithological banding and
possess an axial planar foliation, S; (Fig. 3). They are
generally tight to isoclinal, locally, recumbent structures.
Minor F, fold axes and other lineations show some
scatter on stereographic plots (Fig. 4) probably as a
result of their variable rotation by later deformation
events (Ramsay 1967).

Fig. 4: Equal area stereographic plot of minor F, fold
axes (crosses), ductile shear zone lineations (filled
circles ), poles to brittle thrust planes (open squares )

Major Fold .

Rock exposures in the northwestern part of the area
show a belt of subhorizontal S, foliations which are
approximately perpendicular to the almost vertical
bedding in the quartzite (Fig. 5). This belt is also marked
by F, minor recumbent folds with axial planar cleavage.
The relationships: of these structural elements here.

. indicate the closure of a major F, recumbent fold (Fig.
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6). The fold axial surface is locally steepened in the east’
by later F; folding and late thrusting.

Fig. 5: Subhorizontal S, foliations perpendicular to the
" bedding in quartzite at major fold closure

Fig. 6:. Structural (E-W) cross-section showing the
major structures across the area (symbols as in Fig. 2)

D, Structures

Foliation

A younger set of crenulation cleavages, S, locally
deform the S foliations and are axial planar to later
generation of folds. They are best developed in more
micaceous lithologies.

Folds

A group of tight, asymmetric folds (Fig. 7)
commonly deform the rocks. These structures fold D,
structural elements and are locally associated with a
crenulation cleavage. Locally, as in NW and NE sectors,
they, the F, folds, occur as open to close recumbent
folds which have caused the steepening of the earlier
structures. They are related to a major antiformal fold
structure, the Jebba Antiform, (Figs. 2 & 6). Interference
between F,; m inor folds and F, minor folds gave rise to
coaxial, hook-type patterns (Fig. 8) similar to type 3 of
Ramsay (1967) and Ramsay and Huber (1987).

Fig. 8: F, and F, fold interference producing a type 3
(hook-type) pattern

Major Fold

A major fold associated with this event in the area is the
Jebba antiform (Fig. 6) which has refolded the D1
recumbent major fold.

D, Structures

Ductile Thrust

A major N-S trending shear zone lies at the contact
between the the metagreywacke and the granitic gneiss
(Fig. 2). The granitic gneiss has been strongly sheared
and the original mineral grains have been subjected to a
very high degree of grain size reduction. The shear zone
fabric, Si, is also locally marked by the tectonic
interbanding of granitc bands with those of the
metagreywacke to produce a banded gneiss. The
granitic bands . were boudinaged and drawn into
asymmetric augens (Fig. 9) with increase in the strain
intensity indicating a top to the SSE sense of shear
Stretching lineations in the shear zone trend NNW-SSE
and plunge very shallowly (Fig. 4).
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Fig. 9: Asymmetric augens of granitic gneiss in the
shear zone indicating top to the SSE transport

D, Structures

Thrust Faults

Flat- lying to gently - dipping thrust faults occur at
several horizons in the Jebba area. These thrust faults
are especially well - exposed in the quartzites in the
northwestern part of the area. They cut the limbs and
other parts of early, D,, tight to isoclinal folds in quartzite
(Fig. 10). The thrusts therefore appear to have formed
after the development of these early folds. They are
mainly westerly dipping imbricate fans (Fig. 11) which
are locally, densely developed in the quartzite with
tectonic transport to the east. The total displacement on
each fault cannot be ascertained because of lack of
appropriate markers. It is known that imbricate thrusts
are very efficient means of shortening and thickening a
sequence (Boyer and Elliot 1982) so although the
displacement on each fault may be small the aggregate
displacement on the series of faults may be
considerable. Lo¢ally, there are also easterly-dipping
backthrusts which intersect the forethrusts producing
pop-up structures.

Eie 40: Shallowly-dipping thrust fault truncating early, F,
fold in quartzite

Fig. 11: Shallowly-dipping imbricate thrust faults in the
quartzite

Folds

There are tight to open, asymmetrical minor folds with
generally subhorizontal axial planes which deform the
shear zone fabric (Fig. 12) as well as the dominant
foliation n, S;. These folds are responsible for the
steepening of the foliations, locally within the zones of
imbricate thrust faults and ductile thrusts.

Fig. 12: Late SE-verging asymmetrical folds with
subhorizontal axial planes which deform the shear zone
fabric

Extensional Faults

Locally, minor, brittle, extensional faults occur in the
quartzites. These are late structures and may be a
reflecton of a phase of gravitational spreading
associated with late-orogenic uphft (Platt and Lister
1985).

Ds Structures

Major Strike-slip Faults

Two major subparallel approximately N-S-trending and
steeply-dipping faults have been mapped in the Aderan
area (Fig. 2) These faults are defined by cataclasites
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and mylonites developed in the truncated rocks
especially the quartzites (Fig. 13) and the granites.
Stretching lineations in the mylonitic granitic gneisses
are sub-horizontal. Since these fauits cut both the older
metamorphic rocks and the presumably Pan-African
granites the faulting is interpreted to be Iate Pan-African
(Late Proterozoic) in age.

Fig. 13: Photomicrograph of cataclastic, very fine-
grained quartzite which has been cut by a late quartz
vein in a fault, NW of the study area. (Scale bar
represents 0.32 mm)

DISCUSSION AND REGIONAL CORRELATIONS

Deformation of the Precambrian basement rocks of
Jebba area was polyphase; the early phases involved
contractional structures which were associated with the
Pan-African orogenic convergence. These structures
including major recumbent folding and ductile thrusting
at deeper (lower) structural levels have SE-directed
transport. This early. phase of crustal shortening was
followed by late folding which caused local steepening of
the earlier structures.

A later phase of brittle thrusting cross-cut the
earlier folds and structures reflecting a SE-verging
shear and an out of sequence deformation of previously
folded and deformed sequences in a break-back
sequence (Butier 1992).

Several, major , approximately, N-S-trending fault
zones have been recognised in Nigeria eg Kalangai
Fault (Truswell and Cope 1963), Zungeru (Ajibade
1982), Ifewara (Caby and Boesse 2001). Although these
faults have been mostly recognised as showing strike-
slip displacement there are indications of oblique-slip
and even earlier thrust displacements on them. In the
Central Hoggar Belt to the north of the Nigerian
Basement Complex (Caby 1989) had recognised similar
shear zones in the Trans-Saharan Belt of the Tuareg
Shieid.

In Jebba area the D; recumbent folding and the
ductile thrusting predated the brittie thrusting in the
quartzite. Boesse et al (1989) alsc recognised the
nappes of Ife- llesha area as D, structures. Caby (1989)
and Caby and Boesse (2001) have argued that the D,
thrusting and nappe formation in SW Nigeria is of Pan-
African age and is similar to that observed in central

Hoggar (Lapique et al. 1986) with ages bracketed
between 629 and 618 Ma (U-Pb on zircons - Bertrand et
al, 1986).

In the Nigerian basement complex, there is a
general lack of appropriate radiometric dates to
constrain the timing of these deformational events.
However, since the brittle and ductile shear zones also
affected some Pan-African granitic rocks, it appears that
these structures in Jebba area are also Late Proterozoic
(Pan-African) in age..

These structures (napypes, ductile shear zones,
thrusts and strike slip faults) in the Jebba area are
similar to those described from the ife region of SW
Nigeria by Caby (1989), Caby and Boesse (2001), and
in Lokoja area by Ajibade and Wright (1989). Ferre et a/
(2002) have also described nappe tectonics and strike-
slip movements in Pambegua-Bauchi area associated
with granite emplacement. All these indicate a regime of
horizontal tectonics associated with Pan-African
continental convergence was of widespread occurrence

in this sector of the Pan-African mobile belt.

Some of these structures are also geometrically
simitar to metamorphosed thrusts and nappes described
from the Scottish and Scandinavian Caledonides (Butler
1984, Barr et al 1986, Holdsworth 1989, and Gee 1975)
and also the Appalachians (Hatcher 1978) and the
Hoggar (Caby et a/ 1981). The thrust faults are very .
similar to those described by Booth and Shone (1999,
2002) from the Cape Fold Belt, South Africa. -

CONCLUSIONS

1. Early deformation associated with Pan-African
orogenic convergence involved major recumbent
folding and ductile thrusting.

2. These early structures were refolded by coaxnal Fz
and later F, folds which along with late brittle
thrusting led to local steepening of these structures.
Late north- westward-directed back-thrusting also
truncated the earlier structures..

3. Late- orogenic crustal uplift and gravitational
spreading associated with strain localisation were
marked by brittle faulting, including extensional faults
and conjugate transcurrent faults.
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GROUNDWATER PROTECTION AS VIABLE OPTION
SUSTAINABLE WATER SUPPLY !N NIGERIA
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ABSTRACT

The threat of contamination of groundwater due to indiscriminate refuse disposal, bad management of sewage and
septic tanks, industrial effluent discharges, leakage of underground fuel pipes and storage tanks and non-point
pollution sourges in major urban and semi- urban locations across the country are real. The argument to start planning
for groundwater protection before there is serious contamination is clear and powerful. Such preventive action is the
essence of groundwater protection. The logic of preventing groundwater contamination is clear but our problem or
concern is in remediation of groundwater contamination. Although there are many well documented examples of
groundwater remediation and good sources of information on how to clean up contaminated aquifers, the need to
protect our groundwater supplies cannot be over emphasized. The age long aphorism “ prevention is better than cure”
applies here. This is because, once polluted, groundwater supplies are difficult and expensive to purify and the aquifer
requires a long time to "heal” naturally. It then constitutes a health hazard to the consumers. This paper therefore
addresses the|question of how we can protect groundwater from becoming polluted. The paper not only concentrates
on the problems of protecting groundwater from toxic chemicals but also discusses ways of protecting groundwater

from conventional pollutants.

KEYWORDS: Groundwater protection, contamination, poliution, sustainable water supply, Nigeria.

INTRODUCTION

The overwhelming number of activities concerning
groundwater ‘has been involved with remediating
contamination rather than protecting groundwater from
becoming contaminated. This results from the necessity
to protect the public from the potential heaith threat of
existing contamination. Many -contaminants that reach
our potable water are harmful at even trace
concentrations. Small quantities of these toxic chemicals
can contaminate many thousands of gallons of
groundwater. Once in groundwater, they may be
protected from the unusual environmental degradation
processes. Their movement in the aquifer may be
- difficult to predict. Remediation efforts are usually
extremely expensive. Because of these factors, it is now
time to look beyond immediate crises and develop
programs that will prevent future groundwater
contamination.

“On a nationpl scale, the extent of groundwater
contamination ! is thought to be small. Indeed, the
pollution of our national water resources seems to be a
gradual process that tends to render the resources
irredeemable. And the rate of pollution tends to be on
the increase owing to increases in the emerging
industries and lack of effective monitoring of these
industries and commercial establishments in keeping
with the natibnal environmental protection acts or
legislations (FEPA, 1991).

A country whefe solid wastes are dumped in burrow pits
and most times in abandoned shaliow wells with no
regard to groumdwater contamination, surely must inherit
serious water resources management probiems.

The true extent of contamination is unknown in Nigeria
because no comprehensive national database or

monitoring system exists. Groundwater contamination is
of national concern because it is often found where the
concentrations of human population are dependent on
groundwater sources for their drinking water.

There are many sources from which toxic chemicals
may reach groundwater. These sources are widely
dispersed. Industrial solvents are found in our urban
industrial centres, but are also widely distributed
because of the decentralization of our industrial base
and also because of disposal practices. Pesticides and
herbicides are problems in many agricultural areas. The
problems also extend to suburban areas because of
manufacture, storage, and transportation accidents.
Leaking storage tanks are problems everywhere.
Hazardous waste disposal sites, abandoned dumpsites,
and the disposal of small quantities of toxic wastes by
commercial establishments and private households all
have the potential of causing serious groundwater
contamination.

Groundwater Resource Protection and Water Policy
Imperatives

Unlike most environmental problems, Nigeria has not
passed comprehensive legislations to protect
groundwater. Perhaps the possible reason for this
laissez faire attitude over groundwater protection is the
belief that Nigeria is blessed with an abundance of
groundwater, which is ubiquitous in every geological
setting, ranging from crystalline rock terrains to regions
that are underlain by sedimentary rocks and in most
cases, groundwater may be used without prior
treatment. Given these scenarios groundwater resource
supply should not constitute a problem. This 1s of
course, not the case.

H. O. Nwankweala, Department of Geology, University of Port Harcourt, Nigeria.
G. J. Udom, Department of Geology, University of Port Harcourt, Nigeria.
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Groundwater source protection is extremely important
because when the resource is no longer available at

source either in terms of quantity and/or quality, there is

scarcely any substitute for the overwhelming population
which depends on groundwater.

There is a dire need for a policy. This is imperative
because as pollution increases, the amount of useable
water decreases and whatever remains is endangered.

A detailed study of the decree for water resources
management (Decree 101 of 1993) by several workers
(Akpoborie, 1999, Nwaogazie, personal communication)
showed it drew heavily on the Riparian law concept
without detailed distinction of groundwater concepts and
their significance, thus resuiting in a great bias to mainly
surface water development and management. It is this
bias of Decree 101 of 1993 towards surface water that
underscores the built-in neglect of groundwater resource
development in Nigeria. This has created a lacuna in the
control and practice of groundwater resources
development

Offodile (2000) lamented seriously on the inability of the
government to “deliberately and intensively integrate
regional groundwater exploration and exploitation
programs in the overall National Water Resources
Development Programmes. Groundwater is exploited
rather haphazardly and indiscriminately by government,
private institutions and individuals without any control,
management or organization” even in open breach of
Decree 101 (of 1993). It- is in this context that
Nwaogazie (2006) concluded that ‘the Nigerian people
are in desperate need for industrial waste disposal acts
to protect the resources for the future”. He further stated
that without the strict implementation of such acts, our
national water resources will be grossly polluted in the
shortest possible time and thus water for all will become
a dream. Akpoborie (1997) articulated the modalities for
the establishment of a consistent and goal oriented
national policy on water quality in order to give added
fillip to work being undertaken by academia.

It is to be noted that the science of hydrogeology was
born and evolved from the necessity to search for and
procure water for various uses. It is worth-emphasizing
as Linsky (2003) argues, “Good science cannot be left
out of policy making”.

It is absolutely important that the groundwater resource
be handled and protected in a sustainable manner so as
to align the Nigerian nation with the UN-driven
Millennium Development Goal (MDG). To achieve this
objective and to avoid future crises, policy makers need
to update groundwater policies and take steps to:

% Understand the situation - recognizing the
importance of groundwater and the value of
protecting it and understanding the trends and

~ drivers behind groundwater use,;

* Use resource analysis — to identify hot-spots of
unsustainable groundwater use and prioritize
these for action;

% Actively manage groundwater-even in the early
stages of the groundwater socio-ecology,
shifting from ‘resource- development’ to
resources — management’ policies.

Policy makers must as a matter of urgency, rise to the
challenge of finding ways to manage groundwater and

sustain same. It is, after all, the most ‘democratic’
source of water available for improving livelihoods and
household food security, and reducing poverty in the
country. Amendment of Decree 101 or outright separate
policy on groundwater protection should be considered
without delay to ensure a regulated and well-controlled
groundwater development and management programme
in Nigeria.

Groundwater Protection Techniques
In this section, specific techniques that are thought to be
useful for groundwater protection are discussed:

The reduction, recycling, and treatment of waste
products

Reduction of the volume of waste products, including
recycling, and treatment of waste products to make
them less damaging to the environment are approaches
that facilitate the protection of groundwater from
contamination.

Ambient Groundwater Standards

Ambient groundwater standards for contaminant
concentrations in groundwater can be an important
component of groundwater protection efforts. Their basic
role is to provide benchmarks on -groundwater quality
that are available to identify when potential problems
exist that require intervention. A monitoring system that
collects and analyses data on groundwater quality to
ensure that standards are met is also required. When
standards are exceeded, intervention is required.
Intervention may be taken an action to remediate
contamination or it may be new controls or adjustment of
existing controls on sources of contamination. In fact,
there is need for the establishment of numerical
groundwater standards. Standards based on scientific
risk assessments, analogous to the uniform national
standards for contaminants in surface water, would be
an important contribution to groundwater protection.

Effective Enforcement Provisions for Groundwater
Protection Regulations

These are needed to ensure comphance with
groundwater protectionr requirements. Enforcement
provisions may range from administrative orders to civil
and criminal penalties. Enforcement provisions at the
federal, state, and local government levels must be
available to force violators to comply with groundwater
protection regulations.

Control of groundwater withdrawals

Control of groundwater withdrawals 1s necessary in
order to manage groundwater resources to avoid
contamination. lIssues of groundwater quantity and
quality are integrally related and must be managed in a
coordinated fashion. Management to ensure that
optimum yield (maximum stable basin yield) is not
exceeded can prevent many groundwater problems
including contamination. Some form of a groundwater
withdrawal permit system wili provide control if and
when it is needed. This is important, especially for the
coastal towns where the use of large capacity pumps
cause salt water up-conning through excessive
withdrawal from a well.
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. An Inventory of Potential Sources of Groundwater
. Contamination

This is needed for groundwater protection planning,
especially at the local level. The inventory may be
accomplished at the aquifer, regional, municipal, or the
wellhead level. All potential sources of contaminants in
the study area should be inventorized. The potential
- sources. should include sites where potential pollutants
are produced, stored, used, transporied, and disposed
of. The toxic chemicals which are of great concern in
groundwater should receive the most attention because
even small quantities can contaminate large volumes of
groundwater for long periods of time. Potential sources
of conventional pollutants should also be included in the
inventory. The inventory should identify the potential
sources, the potential pollutants at each source, and
estimates of .volumes. Planning to mitigate the
anticipated problems should then be difected to the
targets indicated in the inventory.

Effective Controls on all Potential Sources of
Groundwater Contamination

These are needed to prevent contamination. These
controls take many forms. The controls may be granting
licence or permit for the construction of facilities or the
discharge of patential- pollutants. The license or permit
may be requirad of new or existing facilities that are
source(s) of potential groundwater contaminants. The
license or permit is usually conditional upon compliance
with design specifications, performance standards for
the operation of the facility, and discharge limits
established to protect groundwater.

The license or permit requires application, inspection,
and renewal that allow the regulating unit 1o assess
compliance. Pdrmits may be required for all activities

that have a potential adverse impact on groundwater.

Activities that require permits may range from
constructing new walls or septic systems to constructing
waste disposal facilities.

Inventory of Aquifers, their Characteristics and
Classification

“Inventory of aquifers and their charactenstlcs is an
important activity for the protection of groundwater. In
order to effectivgly protect our groundwater resources, it
is essential to khow about them, Wa need to know their
boundaries, their hvdrogeologic characteristics, and their
chemical characteristics. Knowledge of aquifer recharys
areas and hydrological connection to other aquifers are
essential information if we are tc develop and implement
programs designed to protect and sustain groundwater
quality. Details of the investigations needed may vary
tremendously. I areas where there is no contamination
and known sources of potential contamination, the
inventory of afuifers and their characteristics may
consist of no more than collecting existing knowledge
about the aquifer. In areas where many people depend
on groundwater for their drinking water supplies and
where many potential sources of contamination exist,
extensive hydrogeologica! investigations may be
appropriate (Page, 1989; Nwankwo=:a and Odigi,2008).

Also, a classification of aquifer is necessary to
determine which aquifer should receive the highest
attention in developing aquifer protection plans. When
constrained by limited resources, the aquifers that are

most important and most threatened should receive the
most immediate attention.’

Land use Controls

Land use controls are among the most important
techniques for protecting groundwater. Controlling the
uses of the land that overlies an aquifer can be an
effective way of controlling what substances might reach
and contaminate the aquifer. Land use controls are most
effective if they are site- specific and are used to restrict
activities on aquifer recharge areas or other sensitive
land. A wide variety of techniques are available for
controlling the uses of land. The most useful of these
land use planning tools for groundwater protectton
include: Zoning, siting, development and construction
regulations, conservation easements, and transfer of
development rights programs, among others.

CONCLUSIONS

It iz possible to protect our groundwater resources from
conventional and toxic contaminants. Mechanisms to
accomplish groundwater protection exist. No single
mechanism or {echnique can be entirely effective, but
combination of the options discussed above can be
coordinated in a comprehensive groundwater protection
plan that will greatly enhance the probability that
groundwater resources will remain free of serious
contamination.

Protecting groundwater is not an easy task. Even with
broad political support to use all of the techniques
available, there are many uncertainties that may hinder
with success. This is obvious as our knowledge of
aquifer characteristics hidden below the surface of the
earth is limited. Aquifers are rarely composed of
homogenous material, and it is not very possible to
know all of the locations and the extent of the non-
homogenous material that can affect the quality and
movement of groundwater. Heterogeneities in aquifers
produce many uncertainties that affect our ability to
understand groundwater systeins and our ability to plan
for groundwater protection.

There are substantial gaps in our knowledge of what
contaminants are present in our groundwater, how to
predict their movement, how long they will remain, how
they . wili affect human health, the contribution of
coniaminants in drinking water relative to other heaith
fizXs, and the effectiveness of our efforts to develop and
impigetant a groundwater protection plan. The entire
process <f planning for groundwater protection may be,
on the whuiz, much more important than the set of
groundwater proteciicn techniques that have been used
at any given e and place. Because of the
uncertainties involves, it is important that groundwater
protection plans be continually reassessed. The process
of collecting information needed to get the groundwater
protection process started should be continued to keep
inventories of potentizl contaminant sources current and
to evaluate if each protection option and/or technique is
having its intended effect. it is the process of studying,
developing, implementing, and monitoring grounidwater
protection plans that may lead to the understanding that
will finally enable us protect our groundwater.
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ABSTRACT

A systemali: electron microprobe analysis, was carried out on constituent mineral phases (olivine, pyroxene,
amphibole, plagioclase inicas, opagues) in dolerite, gabbro and pegmatitic suite associated with a mafic dyke of the
Boussouma iarea in Burkina Faso, in order to characterize the magmatic and tectonic affinity of this intrusion. The

e mineralogical sequence made up of ferriferous olivine; calcic- plagioclase, orthopyroxene, augite,
matite and titano-magnetite, indicates a tholeiitic composition of the parent magma of the dyke. The

processes in a crustal distension zone. Enrichment in quartz/ micropegmatite and in ferro- titanic oxides
to the centre of the dyke and the corresponding impoverishment of clivine, are compatible with a
ionation process. The temperature of the magma during crystallization using coexistent augite and

orthopyroxene geothermometry, is estimated between 1000 and 1150°C and it progressively decreased to about 600
to 800°C, during the Iate crystallization stages as revealed by biotite thermometry. The post magmatic evolution of the
dyke is marked by the neoformation hydrothermal minerals of dominantly low temperature hydrous phases.

KEYWORDS: Dolerite, micro-analysis, minerals, tholeiite, distension, geothermometry.

INTRODUCTION

-Little attenti
characteriza

has been given to the systematic micro-
n of mineralogical paragenesis of post
Birimian mafic intrusions, which form a vast swarm in
the Baoule Mossi shield within the West- African craton.
Geological ipvestigations carried out both local and
regional scales on dolerite/gabbro dykes particularly, in
Burkina Fasa where Gamsonré (1975}, P.44, Sawadogo
(1983), P 42| Somda (1995), P.27 highlighted various
mineral assotiations, but however these authors could
not address ﬁ%o a reasonable extent, their petrogenesis,
magmatic affinity and geotectonic setting. The detailed
mineralogical|study of Boussouma mafic dyke (Fig. A-B-
C) has enabled the reconstitution of the magmatic
history of thig intrusion. The dyke is free of penetrative
deformation regional metamorphism, which are the

|

|
i
i
1

major features of the Birimian hosted rocks emplaced
during Eburnean orogeny (2200-2000Ma) (Castaing et
al., 2003, P.24).

Geological setting

The Birimian belt of Boussouma area (Fig.1) in the
Palaeoproterozoic Baoule Mossi shield (2200-2000 Ma)
is cut by a basic dyke swarm among which is that of
Boussouma area (Fig.1B-C), detected due to its clear
aeromagnetic characteristics ‘and geological
interpretations (Paterson et al., 1985). This beit consists
of dominantly greenschist voicano- sedimentary facies
comprising of chemical and clastic sediments, basic and
acid flows and pyroclastics. Early to late Eburnean
gabbro and granite intrusions induced in these series,
low grade contact metamorphism

Urbain WENIENGA University of Ouagadougou, UFR-SVT, Department of Earth Sciences, 03 B P. 7021 Ouagadougou 03,

Burkina Faso
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Fig. 1. A- B- C: Location (A-B) and geological map interpretation of
aeromagnetic survey of Kaya- Boussouma study area (C) at 1/400.000 scale (Paterson et ai., 1985)

1. Aeromagnetic fracture ; 2. Dolerite dyke ; 3. Undifferentiated basic rocks ; 4.Late gabbro intrusion ; 5. Granite ; 6. Metagabbro ; 7 Metabasalt ; 8.
Birimian volcano- sedimentary series.

Analytical methods

A micro-analysis of minerals with electron microprobe
Cameca S$X100, was carried out in the * Magmas et
Volcans " Laboratory, Blaise PASCAL University at
Clermont Ferrand, France. Eight samples representing
the main facies of Boussouma dyke, such as chilled
(B21), fine grained (B17) and medium grained dolerite
(B1, B19), coarse grained gabbro (B17”, B17"") and

pegmatite (B"3, B'1) were analyzed. Major and minor
elements were determined on the predominant
anhydrous mineral phases of which, include olivine
(Table 1), pyroxenes (Tables 2, 3, 4), plagioclases
(Tables 5,6.7); on the hydrous phases such as.
amphiboles (Tables 8,9,10), micas (Table 11) and on
accessory opaque minerals (Table 12), More than one
hundred analyses were performed.

Table 1: Representative chemical composition (%) of olivines from electron microprobe analysis

N° Sample B21 B1

N Analysis 66 69 23 24 27 35
Si0; 35.38 3565 3628 3685  37.50 36.83
AL,O, 0.00 0.00 0.04 0.00 0.03 0.01
FeO 37.47 36.93 3510 3255 2064 31.10
MgO 26.57 27.45 2966 3161 3341 32.21
Ca0 0.14 0.09 024 019 0.20 0.21
Na,0 - 0.04 0.00 0.01 0.00 0.00 0.00
K0 0.06 0.00 0.02 0.00 0.03 0.00
Tio, 0.06 0.17 0.11 0.00 0.00 0.05
MnO 0.45 0.50 0.45 0.40 0.37 0.50
Cr.0; 0.06 0.06 0.00 0.00 0.00 0.02
Total 10024 10084 10192 10160 10119 10094
Si 993 990 987 992 998 992
Al 000 .000 .001 .000 001 .000
Fe 879 858 798 732 660 700
Mg 1112 1.136 1202 1268  1.32 1.293
Ca 004 .002 007 .005 005 006
Na 002 .000 .000 .000 .000 .000
K .002 .000 .000 .000 .001 .000
Ti 001 .003 002 .000 .000 001
Mn 010 .01 010 009 .008 o11
Cr .001 001 .000 .000 000 000
Total 3.006 3.004 3010  3.007  3.001 3.006
FM 444 433 402 396 335 355
FO 55.53 56.65 5978 6309 6643  64.50

FA 44 .47 43.35 40.22 36.91 33.51 35.50
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Table 2: Representative chemical compos:tion (%) of pyroxenes from electron microprobe analysis
N°*Sample ‘B2 g B19
N° Analysis . 43 44 59 60 78 4 81 86 90 93 96 116 118 120 .
Si0; 5267 51.36 51.11 5168 5199 5048 51.51 5067 5174 - 5200 5187 5232 5139 5252
ALO, 29% 376 136 064 206 422 1.25 265 205 282 124 114 318 205
FeO . 818 782 14.15 2864 818 826 23.00 1451 1426 11.08 1952 2084 9.68 1065
Mgo | 1494 15.82 1192 1758 1457 1677 1063 1282 15.35 1847 970 2174 1688 18.16
Ca0 1‘ 2124 18.89 19.71 161 2121 1838 12.22 17.39 1573 13.91 16.08 219 17.02 15.04
Na;0 | 013 037 0.22 0.06 027 03 034 0.24 0.23 0.12 0.33 0.00 0.19 0.18
K0 r0.02 0.01 0.01 000 000 003 0.02 0.00 0.00 0.00 0.04 0.03 0.01 0.00
TiO; . 040 053 037 019 046 047 032 . 092 0.56 0.39 018 044 0.46 0.28
MnO 023 019 041 053 019 0.22 060 0.38 0.44 0.29 0.56 044 0.29 0.29
Cr.0y 007 043 000 0.04 03 020 000 006 0.05 021 0.00 0.00 0.24 0.07
Total 100.85 9918 9926 10097 9926 9935 9988 9963 100.42 99 29 9952 9915 99.34 99.24
S 1933 1907 1959 1972 1944 1875 1997 1.925 1937 1927 2007 1963 191 1949
Al 0.128 0 164 0061 0028 00% 184 057 118 904 123 056 050 139 899
Fe 0.251 0.242 0453 0914 0255 - 25 745 461 446 343 631 853 301 330
Mg 0817 0876 0681 1000 0812 928 614 725 856 1.020 559 1215 935 1004
Ca 0.835 0.751 0.809 0065 0850 731 507 707 631 552 666 088 678 597
Na - 0.009 0.026 0016 0004 0019 022 025 017 016 008 024 000 013 013
K | 0.000 0.000 0000 0000 0000 001 .000 .000 000 000 002 001 000 000
Ti | 0.001 0.014 0010 0005 0013 013 009 026 015 010 005 012 012 007
Mn i 0007 0.005 0013 0017 0006 007 019 012 014 009 018 013 009 009
Cr © 0.001 0.012 0.000 0001 0009 005 000 001 001 006 .000 000 007 002
Total I 3995 4.002 4006 4009 4001 4.027 3977 3.996 4009 4.001 3972 3999 4009 4.003
™ i 0.240 0.221 0.406 0482 0243 221 554 394 349 256 537 354 .249 252
WO O X R4 | 40.06 4136 320 4418 3807 2690 3712 3239 2869 3554 447 3525 30.79
EN 4278 4668 3478 5008 4221 4827 3254 38.06 4397 5300 2981 6166 4863 5172
FS 1351 13.25 2386 4662 1361 1371 40.55 24 82 2364 18.31 3465 3387 1612 17.49
__ =y ___ Table 3. Representative chemical composition (%) of pyroxenes (continuous)
N B9 B1 57
N° 128 129 K} 136 140 20 25 26 28 30 38 102 103 104
Analysis ‘
Si0; 53.12 5127 5260 5147 5337 5058 5262 52 56 5170 5238 5079 5063 5114 5199
ALLO: 060 1229 188 306 1.93 098 199 229 158 259 260 230 2862 239
FeO 2318 1472 1330 1186 1967 023 141 113 2298 14.17 1367 1510 1379 10.77
MgO 2073 1555 1794 1551 2314 1570 1983 17.98 2135 2053 14.34 1422 1370 15.44
Ca0 19 1458 1338 1755 154 198 10.19 15.46 184 922 1667 1659  17.81 1977
Na:0 002 1025 015 o1 000 0.04 025 0.25 001t 0.10 023 020 0.16 044
K0 007 ‘ 0.00 006 000 002 0.0t 0.50 0.00 002 000 000 000 0.02 0.02
TiO; 0.42 \ 0.38 029 059 023 032 0.46 0.3 039 03 073 0.58 068 0.62
MnO 0.52 P 037 044 027 0.40 0.70 oNn 0.35 044 034 038 0.30 0.33 033
Cr:0s 002 . 008 000 oM 0.0t 0.01 0.06 0.08 0.00 013 000 0.00 000 0.07
Totat 10064 - 9950 10004 100.64 1003 10055 9986 100.40 100.31 99 82 99 41 9993 100.24 101.83
Si 1981 1935 1951 1910 1959 1960 1944 1.935 1.936 1930 19822 1919 1.924 1912
Al 026 102 082 134 083 044 086 099 069 12 115 102 116 103
Fe 723 464 412 .368 603 979 436 342 720 43 432 478 434 33
Mg 1152~ 875 992 857 1.266 907 1092 986 119 RN 809 803 768 846
Ca 078 ' 589 531 697 060 082 403 610 073 nd 676 674 718 779
Na 001 018 o1 015 000 002 017 017 000 07 017 014 012 . on
K 003 000 002 000 .000 000 002 000 000 i 000 000 000 000
Ti on 010 008 016 006 009 012 008 on WY 020 016 019 017
Mn 016 on 013 008 012 022 009 010 013 ] 012 009 010 010
Cr 000 002 000 003 .000 000 001 002 000 o 000 000 000 002
Total 3935 4010 4.005 4011 3.992 4009 4008 4013 4018 4004 4006 4019 4.003 4033
4] .390 i .352 300 305 327 525 289 263 381 2 354 378 366 287
WO 397 3037 2727 3611 in 412 2078 3128 369 1878 3502 3429 3719 3961
EN 58 49 4508 5086 4439 65.16 4554 56.26 50 59 59 60 58 16 4192 4087 3979 4302
FS 3754 2455 2187 1950 72 5034 2296 18.13 3670 23.06 23.05 24 85 23.02 17.36
Table 4: Representative chemical composition (%) of pyroxenes (continuous)
N° Sample B17"17 B3
N° Analysis 105 106 108 112 115 27 29
SiO, 5091 5117  51.05 50 47 50 54 50.89 5117
AlLO, 335 278 1.95 179 237 0.21 005
FeO 10.08 10.29 16.55 16 64 15 30 18 31 17 06
MgO 1402 1433 1289 1199 14 40 8235 911
Cao 19.94 19.60 16.84 16 80 15 26 20 66 2149
Na, O 0.25 0.19 0.28 025 027 018 049
K O 0.03 0.00 0.00 000 002 007 003
TO, o7 0.57 0.63 065 067 010 on
MnO 013 0.30 052 0.41 0.37 047 065
Cr.0. 0.07 0.08 0.1 0.01 000 005 -

006
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Total 9949 9927 10019 99.10 99.20 99.24 100.21
Si 1909 1924 1933 1.946 1.925 1.998 1.986
Al 148 23 .087 .081 106 .009. .002
Fe 316 .323 .524 536 487 601 .5683
‘Mg .783 .803 727 689 818 488 .526
Ca .801 .789 683 694 622 .869 .893
Na 018 013 .020 018 .020 013 .036
K .001 .000 .000 .000 .000 .003 .001
Ti .020 016 017 018 .019 .002 .003
Mn .004 .009 016 013 .01 015 021
Cr 002 .001 002 .003 .000 .000 .001
Total 4004 4004 4013 4.001 4012 4.002 4.027
FM 290 .293 426 443 379 .587 521
wo 4205 4101 3502 3590 32.10 4403 44.78
EN 4113 4171 3728 35.65 42.16 24.75 26.40
FS 1682 17.29 27.70 28.45 25.73 3122 2882

Table 5: Representative chemical composition (%) of plagioclases from electron microprobe analysis

N° Sample B21
N° Analysis 58 70 50 51 61 65 55 56 57 63 67
Si0; 54.05 52.70 53.43 53.25 49.78 52.19 4983 5107 4914 4966 50.12
Al 04 28.44 29.21 28.36 28.60 30.70 29.54 3108 3036 3087 3115 3081
FeO 0.64 079 087 0.61 0.81 0.58 046 0.55 1.39 0.81 0.63
MgO 0.06 0.09 0.06 0.08 022 0.05 0.05 0.1 0.60 0.11 0.17
Ca0 11.28 11.59 11.36 11.68 14.58 12.76 1452 1370 1447 1464 1439
Na,O 487 446 4.81 4.56 284 391 293 3.29 249 303" 284
K0 0.18 0.11 0.24 0.10 0.02 0.15 0.07. 0.08 0.07 0.03 0.02
TiO, 0.04 0.00 0.05 0.04 0.01 0.03 0.00 0.10 0.03 0.00 0.06
MnO 0.00 0.03 0.04 0.06 0.03 0.11 0.00 0.05 0.04 0.00 0.01
Cr0; - 0.03 0.00 0.03 0.02 0.00 0.00 0.05 0.02 0.07 0.02 0.02
Total 99.59 9309 9925 99.00 99.00 99.32 99.00 9934 99.17 9944 9906
Si 2.456 2411 2443 2436 2298 2.387 2296 2340 2271 2284 2307
Al 1.523 1.575 1.528 1.542 1.670 1.692 1688 1639 1681 1689 1671
Fe 024 .030 033 023 031 022 017 021 083 031 024
Mg 003 .005 .004 .005 014 .003 003 007 041 .007 on
Ca 549 573 .556 .572 721 625 Nalkg 672 716 721 709
Na . 429 396 426 404 254 346 .261 292 223 .269 283
K 010 .006 013 .005 001 .009 .004 .004 .003 .001 001
Ti - .00 .000 .001 .001 .000 .000 000 .003 .001 .000 .001
Mn 000 .001 001 .002 .001 .004 .000 002 .001 .000 .000
Cr 001 .000 .001 .000 .000 .000 .001 .000 .002 .000 .000
Total 4999 5.001 5.010 4995 4.993 4.992 4950 04984 4998 5005 4.981
™M 862 841 .888 829 689 878 839 7583 574 .808 681
AB 434 40.57 4275 41.17 26.02 3534 2662 3014 2366 2717 2629
OR 1.08 0.67 1.40 0.57 - 0.13 0.91 0.40 0.46 0.41 0.18 0.10

AN §5.51 58.75 55.85 58.26 73 86 63.75 7297 6940 7593 7265 7361

Table 6: Representative chemical composition (%) of plagioclases (continuous)

N’ Sample B17 B19 81 :
N° Analysis 88 91 121 132 133 122 123 135 13 14 15 18 29
SiO; §376 5318 4931 5031 §0.22 5361 51.73 5120 - 5450 4994 5141 5108 51.21
A0, 2865 2801 3151 3076 3116 2855 2939 3029 2833 3100 29093 3044 29.60
FeQ 0.78 078 054 0.66 0.58 0.75 080 047 1.26 042 085 040 077
MgO 0.10 014 005 0.14 0.09 0.10 014 006 0.06 000 008 006 0.10
C20 1182 1241 1552 1435 1500 1219 1310 1340 1127 1435 1363 1347 13.84
Na,0 447 454 273 3.07 3.17 432 385 364 5.05 319 378 364 3.52
K:0 0.10 008 003 0.00 0.00 005 006 000 0.13 009 009 004 0.05
TiO, 0.07 009 0.16 0.07 0.00 0.00 000 009 0.01 016 010 000 0.09
MnO 0.00 006 0.01 0.00 0.03 602 003 003 0.01 0.0t 003 009 0.00
Cr0, 0.00 003 002 0.00 0.08 0.00 0.01 0.02 0.02 0.11 0.14 000 0.06
Total . 9976 9934 9988 9937 10033 9959 9911 9921 10065 9928 10004 99.23 99.25
Si 2441 2434 2261 2310 2290 2439 2376 2346 2458 2296 2346 2342 2.354
Al 1533 1511 1703 1664 1674 1531 1591 1636 1506 1680 1610 1645 1.603
Fe *.029 029 020 025 022 .028 030 018 047 016 032 003 029

- Mg .006 .009  .003 .009 .006 -006 009 004 .004 000 005  .004 007
Ca 578 608 762 .706 732 .594 644 . 657 544 707 666 661 681
Na .393 403 243 272 279 .381 .342 .323 441 .284 334 323 314
K 005 .004 .001 .000 .000 002 .003 .000 .007 .005 .005 002 .003
Ti 002 .003 .005 .002 .000 .000 .000 .003 .000 005 .003 000 .002
Mn 000 .002 .000 000  .001 .001 .001 .001 .000 .000 .001 .003 .000
Cr .000 .001 .000 .000 .003 .000 000 .000 000 - .004 .005 .000 002
Total 4983 5009 5003 4991 5010 4986 5000 4992 65011 5000 5011 4997 4.998
™ 820 765 859 727 .790 816 765 .822 923 999 .862 816 809
AB 4038 3965 2413 2787 2764 3899 3460 3297 4445 2852 3321 3273 3143
OR 0.58 046 018 0.00 0.00 0.28 036 0.00 0.73 055 055 026 032

AN $9.04 5989 7570 7213 7236 6074 6505 6703 65483 7093 6625 67.01 68.25
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Table 7: Representative chemical composition (%) of plagioclases (continuous)

N° Sample B17" 83 B1

N° Anglysis 109 110 98 99 100 101 114 22 29 30 a8

SiO, 53.24 55.37 50.82 53.14 51.79 6227 53.60 53.22 55.22 55.19 54.84

AlO; 29.92 28.48 30.54 29.41 2984 29.76 28.66 2832 27.35 27.83 27.59

FeO 0.61 0.48 0.64 0.53 0.64 0.55 0.83 0.59 0.65 0.53 0.51

Mgo . 009 0.05 0.11 0.11 0.11 0.07 0.08 0.06 0.07 0.04 0.07

Ca0 13.12 11.28 14.30 12.38 13.48 1279 11.62 11.89 10.36 10.97 1068

Na;0O 407 513 3.54 425 3.72 401 418 4.68 542 513 5.17

K0 © 007 0.10 0.00 0.08 0.02 01 0.09 0.02 0.09 0.09 0.09

TiO, 0.02 0.00 0.07 0.04 0.05 0.01 0.04 0.06 0.03 0.10 0.09

MnO 0.03 0.03 0.06 0.00 0.00 0.00 0.05 0.10 0.00 0.00 0.00

Cr:0, 000 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.05 0.00 0.00

Total 101.18  100.92 10009 9994 99.66 99.58 99.17 99.03 99.25 9988 99.05

Si 3 2391 2.478 2.319 2.410 2.365 2.383 2.445 2.440 2.510 2494 2497

Al | 1583 1.502 1.643 1.572 1.606 1.599 1.541 1.527 1.465 1.482 1.480

Fe “ . 023 018 .024 020 .024 .021 .031 .022 .024 .020 .019

Mg 005 003 .007 007 007 .004 .005 004 .004 .002 004

Ca 631 .540 .699 601 659 ..625 .568 . 583 .504 531 521

Na 354 445 313 374 .329 .354 .370 4154 478 449 456

K 004 .005 .000 .004 .001 .006 .005 0.13 .005 .005 .005

Ti .000 .000 .002 .001 .001 .000 .001 0.19 .000 .003 .003

Mn 001 001 .002 .000 .000 .000 .002 0.39 000 .000 000

Cr . .000 .000 .000 .000 .000 .000 .000 0.00 .001 .000 .000

Total . 4.995 4995 5.012 4,991 4.994 4.996 4970 5.001 4.996 4.988 4.989

FM : .806 .859 776 726 .764 .81 855 .866 .834 .889 .798

AB . 35.82 4489 3094 38.17 33.24 3596 39.23 4154 48.38 4557 4646

OR 5 0.41 0.57 0.00 0.45 0.12 0.67 054 0.13 0.54 0.54 054

AN 63.77 5455 69.06 61.38 66.63 63.36 60.23 58.33 51.08 §390 5299

Table 8: Representative chemical composition (%) of amphiboles from electron microprobe analysis
N° ; B21 B17 B19
Sample ﬂ
N° 4(? 41 42 46 73 77 80 82 84 8s 87 92 95 127

Analysis
SiO, 4789 5182 5165 4465 4492 51.30 50.30 5177 49.15 50.15 49.46 5072 51.12 4585
Al,04 712 2.86 268 8.51 8.39 1.60 2.59 184 317 223 1.04 1.95 288 6.36
FeO 72t 7.30 8.61 18.81 18.18 17.01 2279 2342 13.40 1482 . 31.51 2276 2505 28.35
Mgo 15.21: 1519 16 80 10.82 11.27 16.91 972 795 1328 12.46 403 8.49 10 10 580
CaO 17.14: 2040 17 96 10.77 10.80 978 10.74 1259 18.03 17.89 906 1261 5.88 918
Na,0 095! 0.18 0.19 1.71 1.69 0.16 048 0.49 0.32 0.27 130 05 1.32 1.52
KO0 004 |  0.00 0.00 0.38 0.34 0.61 0.04 0.05 0.03 000 0.20 006 0.05 0.36
TiO, 1.00 ' 0.39 0.38 1.77 1.99 0.30 0.20 0.12 0.98 0.57 0.16 017 0.12 1.20
MnO 0.05 “ 0.18 0.37 019 0.25 0.45 047 0.40 0.30 0.32 1.01 054 0.58 047
_CrzO: ‘ 0.85 0.10 0.08 0.05 0.05 0.07 0.09 0.00 0.00 0.02 0.02 0.00 .000 0.06
OH 207 209 209 1.99 2.00 2.04 197 1.99 204 2.03 1.89 1.97 1.98 1.94
Total 9954 10051 10080 99.66 99.89 99.63 99 40 10061 100.70 100.89 99.68 99.78 9909 101.11
Si 6.929 7.432 7.392 6.732 6.735 7.543 7.634 7795 7 232 7411 7 826 7.707 7.753 7.071
Al 1.213 | 483 452 1.511 1.483 .276 463 326 550 .387 193 349 51% 1.155
Fe 872 875 1.030 2.372 2279 2.091 2893 2949 1.648 1.826 4169 2893 3177 3656
Mg 3281 3.248 3.584 2432 2.518 3.705 2198 1783 2913 2737 949 1.922 2.283 1.333
Ca 2657 3.134 2754 1.729 1.735 1.541 1746 2030 2.842 2.824 1536 2053 956 1.517
Na. .266 .051 .052 500 4N .045 141 142 .091 076 398 148 387 455
K 007 .000 .000 073 . 065 .002 .008 009 005 .000 040 012 009 070
Ti 108 .041 .040 .200 224 .033 .022 013 108 062 019 019 013 139
Mn 006 © 022 .045 .024 .031 .055 .060 .051 .037 039 135 069 .075% .061
Cr 097 i 011 008 006 .006 007 on 000 000 022 003 000 000 007
OH 1000 1000 1000 1000 1000 1000 1000 1.000 1.000 1.000 1 000 1.000 1000 1000
Total 16441 16301 16.360 16593 16572 16303 16179 16102 16430 16368 16.273 16.176 16.172 16 469
FM 211 .216 230 ¢ 496 478 .366 573 627 366 405 .819 606 587 736
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Table 9: Representative chemical composition (%) of amphiboles (continuous)

N° B! B17 83
Sample N, : .

N° 2 19 22 33 36 107 17 18 20 21 26 28 31
Analysis
Si0; 50.57 4683 5090 5105 5196 44 45 44 95 4728 4705 4484 50 92 5243 4869
ALO; 330 5.76 247 230 224 749 6 48 430 406 7 00 142 059 2.86
FeO 2166 . 2145 14.72 11.42 1103 28 01 2876 2973 2853 12878 2233 2333 3505
Mgo 11.31 968 14 19 16.23 17 22 571 526 566 562 490 10 44 959 519
Ca0 9.56 10.28 17.78 16 11 1504 950 9 51 967 921 986 1170 977 467
Na,0 080 1.45 0.31 015 020 1.32 1.95 1.19 1.18 170 034 0.15 0.46
K0 0.27 0.24 0.11 005 000 039 037 0.41 042 055 0.06 0.10 0.07
TiO, 0.25 1.14 0.46 049 038 082 1.39 0.51 058 081 0.21 013 0.13
MnO 0.53 0.35 020 034 0.48 0.15 049 031 047 036 042 099 076
Cr;0, 0.1 0.03 0.12 0.07 0.02 0.00 003 002 009 004 0.00 0.04 0.05
OH 2.01 1.96 204 206 209 192 193 193 1.90 192 198 197 1.90
Total 100.36 99.18 100.30 100.27 100 66 99.76 101 12 10102 9910 10073 99.83 99 09 99 84 -
Si 7547  7.144 7.482 7 409 7 464 6 945 6979 7332 7403 6989 7.696 7960 7675 .
Al 580  1.034 426 393 379 1379 1186 786 753 1286 .253 105 531
Fe 2703 2734 1805 - 1386 1325 3660 3.735 3855 3754 3748 2822 2962 4620
Mg 2515 2199 3.102 3511 3687 1330 1.217 1307 1318 1139 2.359 2171 1220
Ca 1529 1678 2322 2 505 2315 15091 1582 1606 1552 1646 1.894 1589 788
Na 230 429 880 042 056 400 587 357 360 512 099 043 141
K 052 046 020 .008 000 078 073 081 083 109 011 019 014
Ti 0.27 A3 .050 053 040 096 162 050 068 094 024 015 015
Mn .066 045 024 0.41 058 020 064 041 062 047 053 127 101
Cr 013 003 014 007 002 000 004 003 010 005 000 048 006
OH 1.000 1.000 1.000 1.000 1.000 1000 1000 1000 1000 1000 1 000 1000 1000
Total 16.267 16445 16317 16360 16330 16 504 16592 16431 16366 16579 16206 15999 16116
M 524 559 n 289 273 734 . 757 748 743 769 550 587 794

Table 10: Representative chemical composition (%) of amphiboles (continuous)

__N°Sample BT
N° Analysis 21 22 25 27 N 32 33 36
Si0; 5117 4428 4407 50.88 48 30 48 91 5192 44 05
AlOs 202 715 - 715 250 6 51 6.67 123 623
FeO 27 35 2810 27.41 27.12 15.02 14 49 8 62 28 67
MgO 8 88 544 564 9.24 13.79 1395 13.92 556
Ca0 637 9 56 934 7.39 1077 1068 22 54 920
Na; O 037 178 203 0.39 119 105 209 163
K:0 006 018 018 007 0.26 02C 301 031
T0; 029 179 169 o3 120 07" 035 147
MnO 0.56 052 0.30 057 021 033 029 035
Cr.0 001 000 003 - o0o08 008 003 000 002
OH 1.96 193 191 198 203 204 207 190
Total 99.05 10072 9975 100 5t 99 36 99.11 101 04 99 39
S 7 836 6880 6893 7698 713 7183 7510 6 961
Al 364 1309 1319 445 1129 1185 210 1160
Fe 3502 3651 ~ 3586 3431 1850 1783 1042 3789
Mg 2027 1259 1314 2083 3.026 3085 3001 1308
Ca 1.045 1590 1 564 1197 1699 1680 3494 1 657
Na 110 535 614 13 340 297 025 497
K 011 034 036 012 048 038 002 063
T 033 208 198 035 132 084 037 174
Mn 073 067 039 072 02¢ 040 035 047
Cr 001 000 004 009 - 009 003 000 002
OH 1000 1000 1 000 1 000 1000 1000 1 000 1 000
Total 16006 16533 16570 16100 1637~ 16319 16 358 16 561
M . 638 747 734 627 382 373 264 745

Table 11: Representative chemical composition (%) of micas from electron microprobe analysis

_Mineral __ Chlorte - Biotte —

N° Sample B1 B19 B1 Bt

N° Analysis 34 35 125 126 41 37
SiO; 2710 27 50 3366 3533 3512 3351
AlLOy 17 44 17.73 1392 1313 12 69 1353
FeO 3399 3163 3213 3181 31 22 3163
MgO 900 11.60 360 467 451 616
CaO 019 0.21 003 0.24 022 029
Na.O 002 - 000 021 057 024 0.12
K0 005 000 896 808 812 540
TiO; 007 012 402 das 356 434
MnO 024 0.15 0.16 016 020 011
Cr0, 005 003 0.00 0.06 001 000
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OH 10.91 11.18
i Total 99.07 100.16
| Si 5.951 5.893
o Al 4.514 4.478
Fe 6.241 5.667
Mg 2.946 3703
Ca .044 .048
Na .009 .000
K 014 .000
Ti .010 019
Mn 044 .027
Cr .008 .005
OH 8.000 8.000
Total 27.786 27.843
FM .680 605

37 3.78 373 3.73
100.40 101.31 99.71 98.83
5432 5.598 5645 5378
2648 2.452 2.405 2.558
4336 4215 4.197 4.245
867 1.102 1.105 1.473

.006 .041 .037 .050

065 AT73 073 036
1.843 1.632 1.666 1.106

487 414 430 .524

022 .020 .026 014

.000 .007 .001 .000
2.000 2.000 2.000 2.000
17.708 17.659 17.589 17.388

834 793 792 743

Table 12: Representative chemical composition (%) of oxides from electron micropsobe analysis

N° Sample B19 B'1
N° Analysis 138 38
SiO; 0.02 0.00
AlLO3 0.05 0.00
FeO 42 46 42.72
Fe203 6.56 452
MgO 013 0.02
Ca0 0.06 0.06
Naz0 0.07 0.06
K20 0.00 0.04
TiO2 49.04 50.36
MnO 1.43 2.50
Cr03 0.00 0.00
Total 99.82 100.28
Si .001 .000
Al .003 .000
Fe 1.800 1.803
Fe 250 A7
Mg .009 .001
Ca .003 .003
Na .007 006
K 000 .002
TP - 1.869 1911
Mn 061 106
Cr .000 .000
Total 4.005 4.006
FM .994 .999

Petrography

The dyke oc¢urs as boulders of variabie sizes and
enclosing Birimian xenolith rocks. It also caused
volcanic chilled margins at the contact with Eburnean
granitic and volcano-sedimentary country rocks. From
the margin the centre of the dyke, appears a
petrographic suite made up seauentially of chilled
dolerite, dolefite (ss), gabbro, pegmatite and locally
graphic micropegmatite. Within the group of dolerite and
gabbro bodies which form the essential rocks cf the
dyke, there appears to be progressive and regular grain
variations (fine, medium, coarse). E!sewhere, many
authors (Ross, 1983, P.1120, Bertrand. 1987, P.118,
Potdevin et al., 1994, P.251, Napon, 1988 P.36) have
reported textural grain changes between the core and
the margin of dolerite dykes. Under the microscope, the
chilled dolerites are composed of pyroxene glomero-
porphyritic off olivine and plagioclase with porphyritic
texture, whilé in the group of dolerite/gabbro suite,
coexist intergranular, ophitic and intersertal textures. In
these major suites, the plagioclase phases are
commonly embedded by interstitial pyroxenes and could
be described as local adcumulate and orthocumulate

microtextures in the gabbro as in the Neoproterozoic
basic dykes of Igherm inlier (El Aouli et al., 2001,
P.372). Their preferential orientation indicates fluidal or
igneous lamination structures (Bickford, 1963, P.227,
Rivers and Mengel, 1988, P.1630) frequent in layered
intrusions (Pons, 1982, P.81). Similar petrographic
differentiations were described in numerous mafic sills
and dykes of various age throughout the world (Vicat et
Pouciet, 1995, P 358, Hafid, 1992, P.112, Machairas,
1975, P.195 Cadman and Tarney, 1990, P.19). These
obruasvvations are interpreted as the consequence of the
variatigrn of the cooling rate during magmatic
emplacement. (Macharas, 1975, P. 195, Vicat et
Veliutini, 1987, P62, Azambre et al, 1987 P.382,
Sutcliffe, 1989, #69). The optical features and the
microtextural relationships in these rocks enable their
categorization into three groups, (1) a pnmary anhydrous
minerals group (olivine, pyroxene. piagioclase quartz,
opaques), {ii) a group of late magmatic hydrous phases
(amphiboles, micas) related to local volatil enrichment
(Rathna and al.,, 2000, P.405) and (i) a group of
secondary post magmatic phases (phylites, carbonates,
epidote, iron oxides).
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Characterization of minerai associations
Primary anhydrous minerals
Olivine

in the fine or medium grained dolerites, olivine
crystals are strongly corroded by plagioclase and
pyroxene (Fig.2-1) or form globular inclusions in
clinopyroxenes. The coexistence of quartz and olivine in
some samples, may be due to a crustal contamination or
hybridization of the parent magma (Botha and Hodgson,
1876). In the chilled dolerite, olivine forms euhedral or
anhedral phenocrysts with etching pit filled by the
mesostasis or gaps occupied by augite crystals.
Coronas of magnetite and orthopyroxene spread out
around these phenocrysts due to olivine and residual

liquid reaction. For this purpose, the following reaction
was proposed by Pons (1982, P.119).

{Mg, Fe), SiO4+ SiO,= 2 [(Fe, Mg) SiO;)

olivine + liquid= orthopyroxene. In other dykes, olivine
exhibits continuous clinopyroxene rim and is restricted to
dolerite suite. The corona microtexture is interpreted as
a consequence of slow cooling of the parent basic
magma of the dyke (Rathna and al., 2000 P 406). The
content of olivine decreases from 5% to 1% from chilled
dolerites to interior gabbros and is absent in the
pegmatites and micropegmatite suites. Olivine

composition corresponds to a hyalosiderite (Fo: 55.3-
66.49) (Table 1).
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Fig. 22 Photomicrographs

1-  Medium grained dolerite consisting of subhedral plagioclase (P!). interstitial :

augite and strongly corroded anhbedral olivine (Ol); 2. Ophitic and intergranular texture of coarse graired gabbro spaces between tabular crystals
of plagioclase (Pl) are filled by poecilitic clinopyroxene (cpx). 3. Large crystai of chnopyroxene (augite) enclosing numerous plagiociase microlites in
dolerite/ gabbro. 4. Aggregate of vermicular symplectite pyroxene crysts in ine fine grained dolerite. 5. Photomicrograph illustrating accumulation of
plagicclase microlités around poikilitic augite in chilled dolerite. 6. Cumulus phases of elongate plagioclase crystals displaying igneous lamination
structure, in a mediym grained dolerite. Himenite (dark crysts) is post cumiulus phase ~ Sheef- like texture of late fibrous greenish hornblende (Hb)
in medium grained dolerite. 8. Large lamellar biotite (Bi) and iron oxide replacing uralites between spaces of plagioclase crystals.

Pyroxenes

Dominant clinopyroxenes and subordinate
orthopyroxenes together with plagioclase, represent the
most abundant phases of dolerite and gabbro
constituting the dyke. The clinopyroxenes occur as
irregular anhedrai crystals. interstitial to plagioclase.
(Fig.2-2). They are enclosed within the microlites of
plagioclases (Fig.2-3) and constitute common prevaient
species of all the suite Tne orthopyroxenes generally
form inclusions in clinopyroxenes or cluster of crystals
with symplectite texture (Fig.2-4) developed at their
contact with plagioclase or with the other types of
pyroxene This type of microtexture is interpreted as the
product of exsolution reaction by atomic diffusion as the

case of myrmekites (Mongkoltip and Ashworth, 1983,
P.637) Frequent exsolution granules, discrete zoning
and rare twins are associated with clinopyroxenes. The
orthopyroxenes are of hypersthene composition, while
clinopyroxenes display an important range of
composition (Tables 2 to 4) evolving from calcic-
subcalcic to ferriferous augites (Fig.3). Fe rich augites
charactenze the more differentiated suite of the dyke
(Gabbro. pegmatite) and are attributable to magmatic
fractiornation (Reid, 1990, P.328). The absence of Ca-
poor chinopyroxene such as pigeonite in this dyke, is due
to the high water content in the magma (Pons, 1982,
P 142
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Fig. 3: Plot of pyroxene composition of representative rock samples of Boussouma dyke in ‘Wo- En- Fs diagram (Poldervaart and
Hess. 1951) Full triangie : pyroxene of dolerites : empty triangle | pyroxene of gabbros and pegmatites

Plagioclases

Plagioclases are the predominant minerals constituent
(30 to 40%) of the various suite of the dyke and occur as
tabular subhedrai to euhedral crystals of increasing size

from chilled dolentes to pegmatite or as iaths ophitically
inter- grow with pyroxenes (Fig 2-3; Plagioclase
phenocrysts are confined to chileg dolerite displaying
frequent gaps filed with augite crystais, but absent in

165

=



166

URBAIN WENMENGA and JEAN LUC

the core of the dyke. This observation is best explained
by differentiation by a rapid quenchy magma rather than
by fiow differentiation (Ross, 1986, P.234). The
accumulation of basic plagioclase microlites of

mesostasis around mafic phenocrysts, suggests an

emplacement in the country rocks of the magma stili in
molten stage (Fig.2-5). However, the massive
accumulation of tabular or stubby crystals types in the
medium or coarse- grained suites (Fig.2-6) rather

.Or

suggests an earlier crystallization in the magmatic
chamber.  Plagioclase composition varies from
labradorite to bytownite, irrespective of conditions of
formation or that of host facies (Fig.4). These
plagioctases contain high percentage of iron (0.40 to
1.39%) (Tables 5 to 7) relative to those of the Triassic
“ophites” of Pyrenean field (Azambre et al, 1987,
P.390).

0

50

Andesine s Labradorite Bytownite \anm
‘ Qoo.gughlm. \
0 50 0 o An

Figure 4. Labradorite to bytownite composition of feldspar in Or- Ab- An diagram Full circle : plagioclase of dolerites , empty circle : plagioclase of

gabbros and pegmatites.
Quartz

The late crystallization of quartz is explained by its
occurrence as interstitial and poecilitic minerals which
must have crystallized after the opaque oxides. Its
content is less than 5% in dolerite/gabbro, but increases
within the pegmatite (10%) and the graphic
micropegmatitic suite (60%), which could represent an
eutectic crystallization products of the residual liquid
(Somda, 1995, P.27, Gamsonre, 1975, P.70, Azambre
et al., 1987, Hafid, 1992, P.116, Napon, 1988, P.37).

Opaque minerals A

They are omnipresent minor components of all the suite
of the dyke. Their proportion particularly increases (5 to
10%) in the gabbro and in the pegmatite bodies. They
resemble inter-cumulus phases (Fig.2-6) of plagioclase,
formed irterstitiai phases or as a result of symplectitic
intergrowth with brownish hornblende. Some opaque
oxides were developed as magmatic exsolution or
oxidation products of mafic minerais. Their composition
corresponds to itmenites (Table 12) with relativei; hiah
ratic of MrO (1.43 to 2.5%) resulting from the majos
substitution of Fe-Mn in the lattice of the.minerais
{Reynolds, 1983, P.218 ). The development of biotite rim
around opajues can be explained by the reaction
between oxide phases and the residual liquid (Reynolds,
1983, P.218)

Accessory minerals

Zircon and sphene are rare in the dolerite body, while

apatite forms euhedral prisms in the gabbros,
pegmatites and micropegmatites bodies. The
crystallization of this type of apatite described in some
basic dykes, could result from a magma enriched in
phosphorus, fluorine and probably chlorine (Hafid, 1992,
P.137, Azambre et al., 1987, P.391) .

Late magmatic hydrous minerals

Amphibole

The abundance of amphiboles depends on the intensity
of the transformation of clinopyroxene in the rock. Their
color variation is used to distinguich two families of
amphiboles in each body of the dyke, brownish
amphiboles and the greenish amphiboles (Fig. 2-7). The
first family may be magmatic, while the second could be
derived from clinopyroxenes uralitization or from the
successive alterations of uralites (Fig.2-7). The brownish
amphiboles are distinguished from the other types by
their enrichment in TiO, {1.14 to 1.99%) and in alkalis
(145 to 2.32%) (Tabies 8 to 10). They display a
magnesio-hornblende composition similar to amphiboles
of the Sirba valiey dolerite dykes in Niger (Ama Salah,
1991, P.204) whereas the greenish amphiboles are
related to actinolite and actinoltic hornblende (Fig.5)
based on the classification of Leake, (1978). The

‘amphibole composition has been reported in the

Marocan Proterozoic dolerites (Hafid, 1992, P.120).
Other tvpes of classification suggest the brownish
ari;hiboles formed ealier and is of ferro- edenite
comg: sition (Hafid, 1992, P.121) of pargasite (Pons,
1982, P 152, Pemberton and Offier. 1985, P 593) or of
pargasitic h.ornblende (Fabries et al . 1984, P 731). The
diagram Ti vercus Si of Leake, (1965) (Fig6) 1s not in
conformity with the grouping of the amphibole into
igneous brownish to the secondary or * metamorphic "
greenish types. It seems that the color distinction of
these two groups of amphiboles, refiects their chemical
composition and the thermal condition of magmatic
crystallization rather than a difference of metamorphic
grade. All the amphiboles may be of magmatic to
hydrothermal origin (Fonteilles et Muffat, 1970. P.557)
The crystallization of two groups of amphiboles. imphes
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the presende in the residual liguids of abundant water
(Pons, 1982, P.217) or deuteric fluids (Fonteilles et
Muffat, 1970, P.557) permitting for continuous
retrograde reactions. The distribution of Mg and Fe in
these various types of amphiboles as manifested by the

. individual body, suggests a negative correlation between

these elements (Fig.7). The behavior of these two
elements in the amphiboles, is due to a ferro-
magnesian substitution during magmatic cooling (Hafid,
1992, P.128).
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Figure 5. Classification diagram after Leake, (1978) showing various composition of amphiboles in the main facies of
Boussouma dyke. Empty square : amphibole of dolerites., full square : amphibole of gabbros and pegmatites.
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origin. 1. Magmatic amphiboles field : 2. “Metamorphic amphibole” field. Same legend as figure 5.
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SR 1 I
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Figure 7: Chemical covariation of Mg versus Fe in amphibole minerals in the main facies of Boussouma dyke. Full circle : .
amphiboles of chilled dolerite ; full star : amphiboles of fine grained dolerite ; full triangle : amphiboles of medium- grained dolerite ;
full square: amphiboles of gabbros ; empty circle : amphiboles of pegmatites.

Micas :
Ti-rich biotite (3.5 to 4.5% TiO,) (Table 11) in
this dyke is a minor constituent showing lepidomelane
composition  (Fig.8). It partially replaces or
pseudomorphoses with secondary iron oxide exsolution
(Fig.2-8), actinolite or actinolitic hornblende minerals.
Symplectitic intergrowth beiween biotite, opaques and
amphiboles are frequent in- the majority of the facies. In
the sequence of retrograde transformation of the
amphibole minerals, which is accompanied by
systematic iron oxide exsoluion, biotite appears
befatedly in the foliowing minerai reactions: magnesio-

hornblende — actinolitic- hornblende— actinolite—
biotite— chlorite. The cryptocrystalline chlorite which
enhances intersertal texture of more aitered gabbro and
dolerite, is identified as brunsvigite (Hey, 1954) (Fig.9)
(Table 11). The coexistence of lamellar brown biotite
and brown amphibole suggests a late magmatic
crystallization of these micas under moderately high
temperature conditions and hydrostatic pressure (Ama
Salah, 1991, PP.204-211, Azambre et al., 1987, P.392,
Fabries and al., 1984, P.731, Cadman and al., 1990.,
P.18, Pemberton and Offler, 1985, P.596, Airo, 1999,
PP.897-899).
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Figure 8: Lepidomelane composition of biotites plotted in Foster (1960) micas classification diagram Full star :
medium grained dolente . empty star | pegmatites.
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Figure 9: Brunsvigite composition of chlorites from pegmatite samples in the (Fe/Fe +Mg)-Si diagram (Hey. 1954).

Post magmatic hydrothermal minerals

The action of the hydrothermal fluids in the plastic strain
rocks (undulating quartz, flexure of pyroxenes,
mechanical twinnings of plagioclase) or the cracked or
cataclastic bodies, consequently generates a neo-
formation of a wide spectrum of dominant hydrous and
subordinate :anhydrous minerals. The cracks of primary
minerals of some microfractured rocks serve as
preferential drains for the circulation of fluids (Azambre
et al., 1987, P.380). In the dyke, these bodies display
perthitic and sericitic microtextures of plagioclase
suggesting a formation during intense alteration; biotite
flakes, epidote, carbonate. chiorite as filling the cracks of
pyroxenes or amphiboles. actinolte mn those of
plagioclases are products of hydrothermal ongin. Olivine

1s partially replaced by an aggregate of serpentine and,
chlorite or pseudomorphosed into serpentine and small
brown hornblende. Talc is less frequent in the alteration
products of tremolite/actinolite The skeletal or grnid ron
oxides are formed at the expense of leucoxene
Petrogenetic interpretation

The use of the composition of clinopyroxene
phenocrysts to characterize the magmas affinities and
the geotectonic settings of recent volcanic or
paleovolcanic series, was introduced with previous
works of Letterner and al. (1982, P.140) and of Molard
et al. (1983 P 903) Plots of the compositions of
clinopyroxene extended from the dolerites and

gabbros/pegmatites in Al versus Si diagram (Fig 10)
show their non- alkaline affimity

Figure 10: Alt versus Si diagram (Kushiro. 1960) showing non alkaline composition of clinopyroxene in the Boussouma dvke.
Full riangle  dolerite: empty triangle : gabbros and pegmatites.
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Those of dolerites are mainly tholeiitic basalt in
composition (Fig.11), while clinopyroxenes of coarse -
grained gabbro, plotted in calc- alkaline but remain
nevertheless in the statistical overlap field of tholeiites.
The over all mineraiogical characteristics of the dyke
attests to its tholeiitic affinity, especially due to the
presence of ferriferous olivine (Ama Salah, 1991,
P.195), augite, hypersthene, calcic- plagioclase, iron
oxides, quartz and micropegmatite (Vicat et Pouclet,
1995, P.358, Fonteilles et Muffat 1970, P.568, Ama
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Figure 11: Discrrmination diagram using Ti versus Alt compaosition of clinopyroxene (L eterrier and al

Salah,1991, P.194, Fodor and al., 1972, Poidevin, 1977,
P.1253). Geochemicai data support the tholeiitic affinity
of this dyke (Wenmenga, 1986, P.267) The coexistence
of augite and orthopyroxene led to the application of
Lindsley (1983, P.487) geothermometer under one
atmosphere conditions in order to estimate the
temperature of crystallization. This has been estimated
between 1000 to 1150°C in the fine and medium grained
dolerite and between 800 to 900°C in the rapid cooled
chilled dolerites (Fig.12).

_ P ?ﬂ

]

“? |

‘ I

|

. )

|

i

!

' i

: I

; i

| L

: ; |

| o

5o (B @B 19M5 |

600 P 8O Tc

1982) showing dominant

tholentic affinity of dolerites and calc-alkalne affinity of gabbros Same legend as figure 10

A’xtA

0.5 P

\ Hyperalkulin.-
Od ) \\\

“«
AN
03 N A lkmaline
02
0.1 " Nogiaikaline
0 1 o -
1.5 1.6 1.7 1.8 1.9 2 S
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Similar results on the geothermometry of coexistent
augite and pigeonite yielded similar temperatures
between 1100° to 1150°C in Triassic dolerites (Azambre
et al, 1987, P.388), 1100° to 1000°C in some
Proterozoic dykes (Sutcliffe, 1989, P.71) and 900 to
1100°C in Tertiary dolerites of the south- west
Greenland (Mail and al., 1988, P.705) and 900 to 1000°
C in Paleozoic basaltic lavas (Pemberton and Offler,
1985, P.598). The crystallization temperature of biotite
using Le Bell (1979) thermometry (Fig.13) is estimated
between 600 and 750°C in the medium grained dolerites
and approximately 800°C in the pegmatites. This range
of temperature indicates a late magmatic crystallization
of biotite. Ini the Sirba valley dolerite close to western

Ti*

Niger, Ama Salah, (1991, P.211) using the same
geothermometer, obtained similar temperatures (580 to
780°C) from biotite and as well as ilmenite and titano-
magnetite geothermometers. A large majority of
clinopyroxenes composition representing the various
bodies of the dyke, plotted in the anorogenic basalts
field (Fig.14) related to crustal distension zones. The
Boussouma dyke displays the same geotectonic setting
as the Sirba dolerite dyke (Ama Salah, 1991, PP.204-
218). Both could belong to the same distension and
basic magmatic cycle, emplaced during
Mesoproterozoic period (Ama Salah, 1991, P. 224) in
west Africa.
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Figure 13 Crystallization temperature estimation of biotite in the basic rocks of the dyke after Le Bell, (1979). Full
circle and empty circle : medium grained dolerite (B1, B19); full square : pegmatites (B'1).
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Figure 14: Clinopyroxene composition of representative rocks of Boussouma dyke, straddling the boundary between
extensional and orogenic field (Leterrier and al., 1982) and showing nevertheless predominant anorogenic basait
affinity.
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DISCUSSION

Boussouma dyke results from the crystallization of a
tholeiitic magma saturated in water during the cooling
process, which explains the constant coexistence of
various anhydrous and hydrous minerals in the three
main bodies of this intrusion. Silica saturation of the
parental magma supports the persistence of quartz in all
bodies even in olivine- bearing dolerite and gabbro. The
increase in quartz content with the corresponding
enrichment of Fe- clinopyroxenes and of Fe-Ti opaques
from the margin to the centre of the dyke, are
compatible with the process of magmatic fractionation.
Major elements composition of pyroxenes is in support
of the tholeiitic affinity and emplacement of the dyke in a
non-orogenic  setting along regional fractures.
Crystallization temperatures of the melt using two
pyroxenes geothermometer (1000-1150°C) corresponds
to that of basaltic magmas. Temperatures provided by
the biotite composition and geothermometer (750-
600°C), could represent those of the final magmatic
crystallization stage. Such thermal conditions of
" crystallization have been reported in Mesoproterozoic
dolerites in Niger Republic, which are similar to
Boussouma dyke in mineralogical and geochemical
composition as well as in their geotectonic setting.

CONCLUSION

Field, macroscopic and Microscopic
observations supported by qualitative . microprobe
analysis have led to the identification of a petrographic
suite with regular and continuous grain variation, from
the margin to the core within the Boussouma dolerite
dyke. This textural variation is interpreted as a result of
various cooling rates and consequently to magmatic
differentiation at the scale of the dyke. This cooling
remained slow as expressed by the development of
coronas texture in the chilled bodies. The increase of
quartz and micropegmatite content and that of Fe-Ti
oxides from the earlier phases (chilled dolerite, dolerite
(ss), gabbro) to the evolved phases (Pegmatites), is
attributed to a magmatic fractionation process. The Fe-
rich composition of olivine and augite and the
enrichment in ilmenite and quartz of the residual liquid
are typical of tholeutic magmas. The tholeiitic affinity
related to the emplacement of the dyke in an anorogenic
setting and crustal distension is further confirmed by
major and minor elements composition of t-a
clinopyroxenes and therr hosted rocks. Enrichment
influids of the residual liquid, generates important vapour
pressure favourable to hydrated minerals crystallization
as brownish to greenish hornblende and brown biotite.
Two pyroxenes geothermometer indicates early
temperature of magma crystallization ranging from 1000
to 1150°C and about 600 and 800°C during magmatic
cooling as revealed by biotite thermometry. The excess
hydrothermat-fluids drawn by cracks within the magmatic
mineral phases led to the formation of altered bodies in
the dyke.
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ABSTRACT

Aeromagnetic data interpretation of the Yola arm of the Upper Benue Trough has previously been carried out.
However, no detail modeling of the Crustal Structures has been undertaken. Two composite reduced Aeromagnetic
maps on a scale of 1:250,000 were digitized and processed using cemputer techniques. Analytical Signal, Power
Spectrum and Upward Continuation methods were used prior to modeling of the subsurface structures. Forward and
inverse modelings were done to determine the subsurface basin configuration. The result shows two sub-basins; the
Lau and Yola sub-basins. The variations in sediment thickness within the Lau sub-basin is in the range of 2.0 — 4.5 km
and in the Yola sub-basin 2.0 — 3.0 nim respectively. The basin configurations from the modeled profiles depict that of
horst and graben features resulting to variation in sediment thickness evident in Lau (Barwa to Yanga) subsector and
Yola (Muleng) iaxis. The upward continuation revealed lineament trends in the NE-SW Yola (Muleng) axis and NW-SE

Lau (Barwa to Yanga) subsector.

KEYWORDS: Upper Benue Trough, Basin configuration upward continuation, Analytical signal, power spectrum.

INTRODUCTION

The Yola Basin is located within the Upper
Benue Trough and is part of the failed arm of a
Cretaceous Triple Junction {Burke and Dewey 1973,
Ofade, 1975). The basin is closely associated with the
separation of Africa from South America and the
opening of the South Atlantic Ocean (Okereke and
Ofoegbu, 1989, Wright, 1981).

The study area lies within latitudes 9° 00' —
10°00'N and longitudes 11°00' — 13°00'E and covers an
area of about 260 sq km (Fig. 1). Earlier aeromagnetic
study of the Yoia Basin by previous workers such as
Okereke and Ofoegbu 1989, Nur 2000 has been carried

out for the mapping of lineament trends and depths to
magnetic source. No detailed attempt on the modeling of
the basin structure has been done.

Therefore, the main intent of this study is to use
aeromagnetic data to model the structure of Yola Basin
and estimate the sediment thickness overlying the basin
floor. To accomplish this objective therefore, both
qualitative and quantitative analysis were performed
using 12 software programs in producing analytical
signal, power spectrum and upward continuation
subsurface maps (Ferdi and Santis 1977, Philips, 1987,
Jacobsen 1987). The depth estimates obtained from the
above methods aided the forward modeling of the
subsurface basin configuration.
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Fig. 1: Location map of the study area (modified from corridor, 2005)

GEOLOGY

The study area has mainly Upper Cretaceous
Sediments that is overlying an ancient crystalline
basement rocks (Fig. 2). The Cretaceous rocks cover
about 90% of the study area and cons:s® of the Bima
formation which is Aptian-Albian in age. It is alsu the
most widespread of all the formations, sitting directly on
the magnetic basement rocks. Overlying the Bima
Formation is the Yolde Formation. which consists of

Caleareous beds interbeded with shalysandstones,
found around Gatem and Gren areas. This ed is
overlain by Dukul and Jessu Formation cons:stmg of
thick shales and sandstones.

The Numanha Formatior s the topmost unit
with massive deformation of shale deposits as a result of
intense igneous activittes (Granrouds) between Lau and
Yola areas (Fig 2)
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DATA ANALYSIS |

Two composite reduced one degree by one.

- degree aefomagnetic total intensity field maps on a
scale of 15250,000 were acquired from the Geological
Survey agency, Kaduna. The Survey was conducted
along E-W profiles with a flight line spacing of 2.0 km
and a tie line spacing of 20.0 km and a flight elevation of
0.5216km @above sea level. The Geomagnetic gradient
was removed using the International Geomagnetic
Reference | Field (1.G.R.F.) formula of first Janurary,
1974.

The first steps in the data analysis was to
digitize the/maps at 1.0 km interval to avoid the problem
of frequenay aliasing. This was followed by map merging
directly without any continuation since both maps were

- flown at the same elevation above sea level. The
following puter software programmes were used for
this study | P2GRD, MINC, Surfit, Addgrid, Jmerger,

the total magnetic field intensity map of the study area
(Fig. 3). Regional and Redidual anomaly separation was
performed using the surfit software and the residual
anomaly field used for further modeling of the
subsurface structures (Fig 4). Upwards continuation was
performed using the Fast Fourier Transformation
software “FFTFIL" with a view to studying the
subsurface deep fracture trends (Jacobsen 1987, Dobrin
and Savit 1988, Naidu, 1970) (Fig. 5). Power Spectrum
depth to the source determination from magnetic
anomaly was performed using the software Mfinite;
Mfdesign and Mffilter (Philips 1997, Hahn et al., 1976,
Nwogbo et al., 1991), which by extension relates to the
sediment thickness overlying the basin floor. The data
was subjected to 0.25° by 0.25° grids at overlapping
positions to generate over thirty five (35) depth points
whose positions were digitized and contoured to show

Contour, FIL, Pdepth, Mfinite, Mf filter, Mf design the sediment thickness variation within the study area
and Saki. For a detail understanding of the applications (Fig. 6). The analytical signal technique was employed
of these prpgrammes the interested reader should refer using the Pdepth software. This was done by taking four

-P2GRD and Minc programmes, the two grids were
merged uging Addgrid and Jmerger which does an
arithmetic pperation on point by point basis (Webring,
1985). The! merged grided file is contoured to produce

(4) profiles along prominent anomalous bodies seen on
the residual map (Fig. 4), and the modeled profile
digitized and contoured as analytical signal depth map
(Fig 7). The result of the analytical signal computed
depths was used to constrain the “Pdepth and Saki"
forward and inverse modeling (Webring 1985, Nabighian
1972 and Shuey, 1972).
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K

The modeled profiles (Fig. 8a-d) were generated 0.000005. and basement rocks = 0001 - 0.0003 are
using the software Pdepth. Saki and IGRFPT. The basic S 1 units (Dobrin and Savit 1988). The above
' parameters gave a goed fit between the calculated and

foliowing modeiing parameters as inchnation = 4,
declination = 4°, and total field = 33541 60nT were the observe fields with low root mean square error of

generated wusing the IGRFPT software. While <1 0%

suysceptibilities  of intrusive = 0.012. sedments =

K

Observed ticld - 7o ¢

Caleufated ticld

.
——
ey

B e _
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Fig 8a: Legend: | Sedimentany Rocks
203007 basement rocks magnetics
4.5 Intrabascment Intrusive

2.5D Madelled profile 1 along Yola Sub-sector
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The residual anomaly map (Fig. 4) shows low
magnetic contours of
sedimentary rocks from Yola to Muleng axis trending NE
- SW while the closely spaced positive anomaly at the
NW of muleng represents probably exposed basement
rocks. The Lau (Barwa) area also has low magnetic
cortour of -10 to -20nT of sedimentary origin which
trends NW-SE and terminates towards Yanga area with
high positive magnetic contours of +40nT. this trend
runs from Yanga cutting between Lau (Barwa) and Yola,
this 1s probably the Laminde Anticiine

The upward continuation map (Fig 5) reveals
two major ineament trends. The Yola to muleng axis
indicates a NE-SW trend while the Lau (Barwa) to
Yanga axis indicate a NW-SE trend The deeper
lineament trends are better revealed and ther
orientation expressed clearly since the upward
continuation filtering technmique has eliminated shallow
seated lineament trends Results from the spectral
analysis and analytical signal depth maps (Fig 6 - 7)
reveals two sub-basins. which are the Lau sub-basin
with an average sediment thickness ranging from 2 0 -
3.5km, and the Yola sub-basin whose sediment
thickness ranges between 2.0 to 2.5 km The above
results correlate well ‘with depth estimates from the
modeled profile (Fig 8a —d). which indicates that the
basin configuration is that Horst and Garben with normal
faulting  Sediment thickness increases in the
downthrown blocks (Graben) with -total intensity field
values of -10nT to -30nT and decreases in the upthrown
blocks (Horst) with values from -5nT to +23nT Intrusive
rocks are .characterized by higher values of total

-20 to -40nT representing .

indicate that the Yola sub-basin is characterized by four
intrusive bodies with a sediment thickness that ranges
from 2.1 km along Muleng to 2.8 km at Yola (Fig. 8a -
b). ' :

The Lau area of Barwa to Yanga has no
intrusions and indicates a sediment thickness of 1.6 km
to 2 3km over the Grabens and 12 to 10 km on the
Horst. The sediments increase in thickness from the
Yanga towards the Barwa areas (Fig 8c - d).

The above models gave a gnod match between
the calculated and the observed c.rves thus yielding a
good structural configuration of the subsurface features,
(Olagundoye. 2004). * )

DISCUSSION/CONCLUSION

The Yola arm of the Upper Benue Trough has
been studied to some detail using ‘aeromagnetic data to
unrave! the subsurface basin configuration Prior to this
work no detailed modeling of the subsurface structures
was made. The result obtaned in -this study
corroborates that of other workers n adjacent sub
basins (Okereke and -Ofoegbu 1989, Nur 2000,
Shemarg et al 1989) in terms of orentation of the
lineaments trend and average depth estimates. This
study however highlights structure and basin
configuration that has never been revealed The study
reveals an anticlinal feature of a pos uve magnetic high
within the area with latitudes 9°5'tc 3°7' and longitudes
11°5 to 11°7" This feature s prominent on residual and
basement depth maps The area with basement and
intrusive rocks are gererally sh.aiower as a result of the

tectonic uphftment/empiacemer * of the<= "ocks
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The rasult has identified two sediment filed
Troughs which may have good hydrocarbon prospects
given that the areas has an appreciable sediment
thickness of 2.0 -3.5 km as revealed by the spectral
analysis and ianalytical depth maps. However, the
identified intrusives within the Yola — Muleng areas
makes it less favourable for hydrocarbon prospecting
than the Lau — Yanga axis which has no intrusives. The
Yola area may generate hydrocarbons but with the
presence of numerous intrusive bodies, such generated
hydrocarbon is likely to be "Overcooked” or well pass
the oil window to produce only gas. The Lau area
remains the best area for hydrocarbon exploration given
that it has no intrusive and has an appreciable depth of
20-35km.

In conclusion the major lineaments are revealed
along two directions - the NE-SW and the NW-SE and
the modeled architecture reveals an increase in
sediment thickness of 2.0 km to 35 km toward the
South-west and South-eastern portions with a
decreasing depth of 1.0 km to 15 km towards the
Northeast_and Southwest portions. The Basin thins
Northwards and deepens Southwards
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