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Abstract

The occurrence and recurrence of floating ‘mat’ vegetation around the Pidong
Crater Lake and intermittent change in the color of the lake water from natural
blue to brown-yellowish color call for a better understanding of the factors control-
ling these biological and physico-chemical changes. As a result of these changes, a
hydrogeochemical monitoring regime was employed where the lake water samples
were collected and analyzed on a monthly basis over a period spanning for 3 years.
The hydrogeochemical results for the lake water when plotted in the piper trilinear
diagram display predominantly Mg-Ca-HCOj; type with minor water types of
Na-K-HCOs, Na-K-Cl and Na-K-SO, types (< 20%), suggesting a derivation from
water-rock interaction processes (hydrolysis). The visible dominance of the alkali
earth metals (Mg2+ + Ca%) over the alkali metals (Na* + K*) is expected from a
basaltic host rock aquifer due to the dissolution of its constituent ferromagnesian
minerals and plagioclase respectively. The general depletion of LILE (Ba, Rb, Sr)
(1-10 x Chondrite) and that of High Strength Elements (HSE) (Nb-Yb) (0.001 to
<1 Chondrite values) suggest that these elements are from sources (basaltic rocks)
highly depleted in these elements. Study of Oxygen-18 (5 '*0) and Deuterium (§°H)
study of the lake water shows that it is of meteoric origin and of relatively recent
age (230 + 30 yrs. before present). The increase in PCO, in the lake water triggers
the increase in Fe concentration (335 ppb to 429 ppb) which is manifested by the
sporadic color change and increased acidity in the lake from pH 7.35 to pH < 6.71.

Keywords: Pidong Crater Lake, Jos Plateau, hydrogeochemistry, water color changes,
fumaroles (CO,), meteoric water

1. Introduction

The volcanoes of the Jos Plateau are aligned in four specific volcanic lines-
namely Miango, Kassa, Panyam (Sura) and Gu volcanic lines [1]. There is no record
of any actual activity in the Nigerian volcanic provinces in the recent past [2-5].
Recent K-Ar dating the volcanoes of the Kassa volcanic line revealed recent eruption
during the Pleistocene ages [6].

Recently, biological and physico-chemical changes were observed within
the Jos Plateau Volcanic Province within and around the Pidong Lake which is
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characterized by the occurrence and recurrence of floating ‘mat’ vegetation (Plate

I & II). The physical changes are dominated by the intermittent color changes from
its natural bluish to yellow brownish color and these activities call for a comprehen-
sive study of these phenomena. In light of the intermittent activities in the lake, this
study seeks to determine- (1) the hydrogeochemical characteristics of the lake, (2)
constraint the origin and source (s) of the lake water and its chemical elements (3)
to ascertain the factors responsible for the observed color change in the lake.

2. Location and geography

The Jos Plateau is located in the Northcentral area of Nigeria. It is the second
largest volcanic province in Nigeria after the Biu Plateau [4, 7] and consists of
about 22 volcanoes [3, 8]. The Panyam Volcanic Line is the second Southwest end
member of the Jos Plateau volcanic region. The Pidong volcano is the southernmost
of a series of 7 volcanoes of the Panyam Volcanic Line located in the southwestern
segment of the Jos Plateau. The Pidong volcanic crater lake is located on the summit
of the Pidong volcano within the southernmost of the 3 crater and lies on longitude
9°12'20”-9°12'40” and latitude 9°18'50"- 9°19'10” at an altitude of 1300 m. The
lake’s morphological and bathymetric data shows that the lake has a length of 160 m
with maximum depth of 6 m [9, 10].

2.1 Geology of the Pidong maar

The Pidong volcano is hosted by medium to coarse grained granite gneiss rocks
of PreCambrian age [11]. The volcano extrudes through three craters arranged
in a N-S direction with the southernmost breached by water. The Pidong maar is
bounded to the south and southeast by granite gneiss rocks and to the west, north
and northeast by pyroclastic surge deposits explosively ejected during formation
(Figure 1). The volcanic ejecta consists mainly of pyroclastic materials, scoria,
basaltic lava, pulverized granite materials, and volcanic ash [3, 9, 12]. Beside the
lake’s crater rim to the extreme south-east are characterized by deposits of large
boulders of granite rocks and this is evident of the high explosion that characterized
the eruption of the Pidong Maar/Lake [9].
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Figure 1.
Location and geological map of Panyam Volcanic Province and Pidong crater Lake area.
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3. Methodology
3.1 Water sampling and hydrogeochemical analysis

A hydrogeochemical monitoring regime of the Pidong Crater Lake was carried
out by sampling the water on a monthly basis to determine any hydrogeochemical
changes over the 2 to 3 year study period. The physical parameters of Temperature,
pH, Electrical Conductivity (EC), Total Dissolved Solids (TDS) were carried out
directly in the field using an MT 806/pH/EC/TDS/Temperature portable meter.
The major, trace and rare earth elements analysis (Mg, Ca, Na, K, Cr, Ni, Co, Sc, V,
Cu, Pb, Zn, Bi, Cd, Sn, W, Mo, AS, Sb, Rb, Cs, Ba, Sr., Ga, Li, Ta, Nb, Hf, Zr, Y, Th,
U, B, Fe, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) were carried
out using ICP-MS method. The anions (SO,, Cl, HCO;, NOs, F, Br and PO,) con-
centrations were determined using colorimetric method at Bureau Veritas Minerals
Laboratory Ltd., Canada. The oxygen and hydrogen isotopes analyses of the lake,
local rainfall and volcanic spring water was carried out at Activation Laboratory
Ontario Canada using cavity ring down spectroscopy with V-SMOW as standard
and reported in per mill notation (00).

The Carbon-14 dating of the lake water was determined by single stage accelera-
tor mass spectroscopy (Source: Activation Laboratories, Canada).

4. Results
4.1 Hydrogeochemical analysis of the crater lake
4.1.1 Physico-chemical parameters

The physico-chemical analyses of the lake water are presented in Table 1. The
physico-chemical characteristics show slight variability over the 2 to 3 year moni-
toring period. The pH values for the lake water range from 6.20 to 7.7. The pH is
more acidic (< 7) during the dry season (March—June) and becomes more alkaline
(rises to >7) during October—December period. Temperatures are highest during
the month of March—April (27°-30°C) and correlates well with highest EC (340-
390 ps/cm) and TDS (150-170 mg/1) values. In general, there is a gradual decrease
in temperature from 30°C in March to 20°C in December each year.

4.1.2 Major cations

The major cations (Mg, Ca, Na and K) concentrations are in the order of-
Mg > Ca > K > Na. The highest concentration of Mg range from 30 mg/l to 40 mg/I,
Ca from 21 mg/1 to 25 mg/l, Na from 8 to 11 mg/l and K from 5.38 to 15 mg/l and are
observed during the dry season (January to April) while the lowest concentration of
Mg (16 to >25 mg/1), Ca (10 to 15 mg/1), Na (3 to 5.25 mg/1) were observed during
the rainy season (August to October) (Table 2). Comparative analysis of Fe concen-
tration with Patterson 1986 [9] show that the Fe concentration have increased from
0.27 to 0.612 mg/1 over the last 29 yrs. It is observed that Fe concentration progres-
sively increased from 0.332 mg/l in October, 2014 to 3.249 mg/l within the period
of lake color change activities from November 2014 to February 2015. From the
physico-chemical concentrations of the lake over the study period shows that it is
seasonally dependent. However, a comparison of the pH values in the present study
with that reported by Patterson [9] showed a decrease in pH from 9.35 to <7 with
corresponding decrease in alkalinity (CaCO;) from 335 mg/1 to 187 mg/1.
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4.1.3 Trace elements concentrations

Some of the trace elements (Cu & Zn) show wide variability in concentration
varying from 13.4 mg/1, 0.003 to 0.088 mg/l respectively (Table 2). The spider
graphs (Figures 2 and 3) of the Light Ion Lithophile Elements (LILE) (Ba, Rb, Sr)
normalized to chondrite values show enrichment (1-10 X chondrite values) while
Nd to Yb are impoverished (0.001 to <1 X chondrite). These elements display varia-
tions in concentration over the study period.

4.1.4 Rave earth elements concentvations

The REE concentrations displayed in the spidergraph (Figure 4) show slight
variability during the study period and are rarely depended on the seasons
(Table 3). The concentration variations for La, Ca, Pr, Nd, and Smis 0.01 to
0.5 ppb, 0.06 to 1.09 ppb, < 0.01 to 0.12 ppb, and < 0.02 to 0.08 ppb respectively.
However, Gd-Lu concentration range between <0.01 and with few deviations
>0.01 ppb which is not dependent on season. The sum average concentration for
the REE (La to Lu) is 0.54 ppb and varies between <0.01 and 1.09 ppb. The REE are
impoverished relative to chondrite values (< 1 X chondrite). There are significant
variations (0.03 to 0.18 X chondrite) for La-Sm in the LREE concentration relative
to HREE (Gd to Lu). An important characteristic of the variations is the relative
similarities in the geochemical spectra indicating similar source.

4.1.5 Anion concentrations

The major anions of the lake water are HCO;", CI", SO,4, and NO; with average
concentration of 141.4 mg/l, 5.65 mg/l, 0.845 mg/1. The minor anions are F, Br and
PO, with average concentration of 0.24 mg/I, 0.017 mg/1, 0.03 mg/1 respectively.
Generally, the highest (193.675 mg/1) and the lowest (186.5 mg/l) sum of the major
anions concentrations are observed during the dry and wet seasons respectively.

A comparative hydrochemical concentration of the anions of chloride (CI") and
sulphate (So,7?) inthe present study with Patterson [9] values (Table 1) showed Cl and
SO, have increased from 2.5 mg/1 to 5.67 mg/l and < 0.33 mg/1 to 1.03 mg/l respectively.

Spider plot - Chondrites (Thompson 1982)
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Figure 2.
Spidergraph of incompatible trace element concentrations of Pidong crater Lake normalized to chondrite.
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Spider plot - Upper crust (Taylor and McLennan 1985)
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Figure 3.
Spidergraph of incompatible trace element concentrations of Pidong crater Lake normalized to upper crust
abundance.

Spider plot - REE chondrite (Boynton 1984)
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Figure 4.
Spidergraph of REE of Pidong crater Lake, Bwonpe volcanic spring, wells and viver Bwonpe normalized to
chondrite.

4.2 Oxygen, hydrogen and carbon isotopes

The Pidong Crater Lake isotope composition of oxygen-18 and deuterium are
—4.90/00 and — 25¢,o¢ respectively and that of the rainfall within the upper River
Ndai basin are 80 (=4.750,00) and 8’H (=31¢00) (Table 4). The plot of the 50
versus 8°H falls close to Standard Meteoric Water Line (Figure 5). The hydrocarbon
age of the lake water is 230 + 30Bp (Figure 6).

4.3 Lake color change activities
The Pidong Crater Lake intermittently display color changes from its natural

bluish color to brown-yellowish color (Figure 7). The lake color change activi-
ties were observed in November 2014, October 2015 and September 2016. During
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lake color change activities pH were observed to have decrease from 7.39 to 6.71,
7.15 to 6.83 and 7.18 to 6.20 in November 2014, October 2015, and September 2016

respectively.
Location/source Date of Analyte
samplin;
pine §°0m0(%0)  FHimo(%e)  8'Hao (%0)
Pidong Crater Lake June, 2014 —4.8 -25.0 17.0
Bwonpe Volcanic Spring June, 2014 -4.7 —-26.0 34.0
Rainfall June, 2014 —-49 -31.0 12.0
Table 4.

Oxygen and hydrogen isotope composition of Pidong crater Lake, Bwonpe volcanic spring and rainfall.
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Radio carbon (**C) age of Pidong crater Lake.
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Figure 7.
(a) Natural bluish water color of Pidong crater Lake; (b) Pidong crater Lake water color change activities in
November 2014, October 2015 and September 2016.

4.4 Lake water types and sources of major ions

The Piper Trilinear diagram (Figure 8) for the lake water plots predominantly
in the Mg-Ca-HCOj; segment. The minor water types which constitutes only about
10-20% and include Na-K-Cl and Na-K-SO, water types.

The major element concentration abundance of the lake is in the order of
Mg”*" > Ca®* > K* > Na*. Similarly, the major element oxide distribution order for the
volcanic ejecta materials (Basalts, pyroclastic, ash) for the Pidong volcanic rocks is
in order of MgO > CaO > Na,O > K0 [12, 13]. The major cation concentration order

12



Hydrogeochemistry of the Pidong Crater Lake, Jos Plateau Volcanic Province, Nigeria...
DOI: http://dx.doi.ovg/10.5772/intechopen.99720

Piper Diagram
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Figure 8.
Piper trilinear diagram for Pidong crater Lake.

of the lake water and that major oxides of the Pidong volcanic rocks show similarity
in the concentration abundance.
The Gibbs diagram is an illustration of the mechanism controlling the
chemistry of groundwater samples in crystalline aquifers. The plot is that of the
Na* Cl-
ratios of £, 4 Vs. Total Dissolved Solids and m vs. Total
Dissolved Solids. The Gibbs diagrammatic plot for the Pidong Crater Lake water

shows it is controlled predominantly by water-rock dominance processes
(Figure 9).

4.5 Partial carbon dioxide pressure (PCO,)

Partial carbon dioxide pressure of crater lake water is the partial
pressure of carbon dioxide in equilibrium with lake and saturated
atmospheric pressure. PCO; is based on the equilibria of carbon specie in
solution. The PCO, plot for the two year observation for the Pidong Lake
shows zit is constantly and several orders of magnitude higher than air satu-
rated water pressure except June, 2013 (Figure 10). The highest PCO, of 4.5X
107* and 2.5 X 10~* bars were observed in March and November, 2014 respec-
tively and correlate with highest decreases in pH from 7.38 to 6.71 in
November 2014. The lowest decreases in pH were observed during lake
watercolor change activities (Table 2). Generally, increases in pH and
PCO, were observed to be linked with decrease in pH and lake color change
activities.
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Figure 9.
Gibbs diagram for Pidong crater Lake.
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5. Discussion
5.1 Sources of major ions

The Gibbs diagram for the Pidong Crater Lake shows that the lake water is
characterized mainly by water-rock interaction processes [14]. The hydrogeochemi-
cal abundance order of the lake (Mg2+ > Ca** > Na* > K*) and that of the host rock
(MgO > CaO > NaO > K,0) show similarity and may suggests derivation from the
overlaying volcanic rocks. Similarities in hydrogeochemical spectral patterns of lake
and host volcanic rocks are indicators of sources of derivation [4, 15, 16]. The major
cations of groundwater are derived mainly from chemical weathering [17]. Generally,
the silicate minerals present in the basalts, pyroclastic materials, ash and pulverized
granite get weathered by hydrolysis producing mainly Mg-HCO; and Na* and K*
depleted groundwater. Groundwater containing CO,” can easily react with orthoclase
to release Magnesium ion, Calcium bicarbonate ions (Mgz*, Ca’*, HCO;") [18]. The Na*
and K" alkali appear to originate from hydrolysis of plagioclase in the basalt and granite
rocks. In water-rock interaction processes the following chemical reaction of volcanic
rocks may occur and hence the chemical sources are derivable from these processes.

1. Hydrolysis of plagioclase minerals
CaAl,SiOg +HCO, +%20, , Al,Si,4(OH)+CO,* 1)
2. Oxidation (chemical weathering) for ferromagnesium minerals (Pyroxene)

(Mg,Fe,Ca)$i0,9H,CO, —(Mg*",Fe*",Ca*" )+ 4HCO,” +HCO, +H,80, (2)

5.2 Trace elements concentration

It is observed that Fe concentration have significant increase by 200% from
0.27 mg/1in 1986 to 0.612 mg/l in present study [12]. Lake water, Fe concentration
gradually increases from 423 ppb in November, 2014 to 3249 ppb in March 2015
during the lake color change activities. This phenomenon is similar to the Lake Nyos
CO, gas disaster episode of 1986 [19, 20]. The lake color change phenomenon was
attributed to upliftment of deep anoxic water carried upwards to shallow lake level
where oxidation of ferrous iron precipitates to form murky water.

The spider plot for the LILE normalized to upper crustal values (UC) (Figure 2)
displays strong positive anomalies in Sr. (>1x UC values), Ba (>0.1x UC values) and
enrichment in Rb (0.1x UC values). There is a visible negative anomaly in Zr (0.0001
x UC values), all together suggesting that these elements are originally from a source
that is highly depleted in these elements (probably deep mantle source) [21]. The
dominant rock types that comprise of the crater lake/maar are basalts, pyroclastics
and volcanic ash. Generally, hydrogeochemical constituents of any groundwater are
signatures of the background rock types the water precolates through [17, 22].

5.3 Rare earth elements concentrations
Generally, REE spidergraph of the Pidong lake water normalized to chondrite
values show high impoverishment or depletion (< 0.01 to <1 X chondrite) (Figure 4).

The slight enrichment in the LREE (La-Sm) is suggestive of influence by crustal rocks
materials (host granitic basement rock) rich in these elements (Figure 4).
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There is high similarity in the REE patterns in the well waters compared to that
of the lake and the spring water. The well waters generally exhibit higher REE con-
centrations (. > 1x Chondrites) but maintain similar LREE enrichment relative to
HREE suggestive of significant influence from the surrounding basement complex
host rocks. The impoverishment in REE in the lake and spring water suggests a
derivation from a mantle source depleted in these elements [4, 15, 16, 22].

5.4 Anion concentrations

The concentration of the SOy, Cl and F are generally influenced by the water-
rock interaction processes between rainfall and host volcanic/granitic rocks.
Generally, HCO; is derived from dissolution of silicate minerals of orthoclase,
plagioclase, hornblende, diopsite, olivine and biotite of country rock by carbonic
acid [18, 23-25]. A comparative analysis of the hydrogeochemical anion concentra-
tions of the lake in this study with that of Patterson [9] show that there is significant
increase in Cl, SO4 and Fe and corresponding decrease in alkalinity and pH over the
last 29 years. These increases have been attributed to intermittent CO, degassing
(fumaroles) into the lake from the subsurface hydrothermal system [12].

5.5 Origin and age of water

The 80 and §°H compositional values for the lake (Table 2) falls within
meteoric water composition values [12, 26] and this is further affirmed by the plot
(Figure 5) of the SMOW line in the §"°0 and §°H correlation diagram [26-28]. The
hydrocarbon-14 *C) age of the lake water is calculated to be 230 + 30 yrs. and this
affirm, that the lake water is relatively young and suggests constant replenishment
by precipitation.

5.6 Lake color and hydrogeochemical changes

The Pidong Lake color change activities are characterized by decrease in pH
values 7.39 to 6.71, 715 to 6.83 and 7.18 to 6.20 as observed in November 2014,
October 2015 and September 2016 respectively. The intermittent lake color changes
associated with CO, degassing into the lake and its dissolution forming weak acid.
The HCOs™ specie increases over time and resulting in decrease in pH from 9.35 to
neutral or slightly acidic as seen in the comparative study (Table 1). This process
can be explained as follows:

CO; (gas), CO; (aq), HCO3, CO;™", specie are related to pH and temperature of fluid
[28]. When CO; (g.s) undergoes hydration and ionization, hydration of CO, forms
H, CO;*", CO, gas dominated sub aqueous relevant with the lake

2H,0+2CO, —2H,CO, 3)

Ionization process, 2H,CO, —2H,", CO,* +CO,*. 4)

It is observed that the highest ionization correlates with the lowest pH (6.71)
during the period of lake color change. This result suggests a magmatic gas/fuma-
roles (CO,) connecting upwards below the lake from shallow mantle and mixing
with shallow groundwater and controlled by meteoric recharge. This similar phe-
nomenon was observed in Popocapetl volcanic springs [28]. The intermittent CO,
gas and associated gas input into the lake during color change activities over time is
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suggestive of the cause of the decrease in pH from 9.35 to neutral or near acidic as
well as alkalinity from 330 mg/1 to 147 mg/1 [9] as compared with present study.

5.7 Partial carbon dioxide pressure (PCO,)

Generally, the PCO, versus saturated atmospheric pressure for the lake is above
equilibrium for the study period. However, several peaks (4.5 X 10> and 2.5 X
107? bar) were observed during the lake color change in November 2014 etc. with
corresponding pH decreases (6.71). Similarly, these characteristics where increases
in PCO; are characterized by decrease in pH were observed in Popocapetl volcanic
activities [28]. The increased PCO, and decreased in pH characterized by lake water
color change activities suggest low pressure CO, gas influx or bubbling degassing
input and its ionization to form weak carbonic acid.

6. Conclusion

The Pidong Crater Lake water is majorly meteoric origin probably coming from
percolating meteoric waters of relatively young age (230 + 30 years before present).
The chemical element composition of the Lake is dominantly of Mg-HCO; water
type, influenced mainly by the interaction between meteoric water and basaltic
rocks with surrounding granitic host rock from relatively deeper aquifers. In addi-
tion, the chemical composition of the lake water is further influenced by minor CO,
degassing, attributable to minor intermittent fumaroles activities possibly from
deep mantle source.

Acknowledgements

We wish to acknowledge the contributions of Dr. Isah C. Lekmang, Ayuba D.
Mangs and Mrs. Rhoda A. Gusikit of the Geology Department, University of Jos,
Nigeria for being part the field mapping project. We wish to appreciate the con-
tributions of Mr. Philip Dakwo, Hitler F. Boholmi and Joshua Bal during the field
geophysics and hydrogeochemical sampling phases of the entire project.

17



Progress in Volcanology

Author details
Longpia Cedric Bernard™ and Lar Uriah Alexander’

1 Department of Mineral and Petroleum Resources Engineering,
Plateau State Polytechnic, Barkin Ladi, Nigeria

2 Department of Geology, University of Jos, Nigeria

*Address all correspondence to: cblongpia@gmail.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

18



Hydrogeochemistry of the Pidong Crater Lake, Jos Plateau Volcanic Province, Nigeria...

DOI: http://dx.doi.ovg/10.5772/intechopen.99720

References

[1] Centre for Geodesy and
Geodynamics (CGG). Preliminary
report on geohazard map of Nigeria,
2007, pp 1-108

[2] Carter, J. D, Barber, W and Tait, E.A.
The geology of parts of Adamawa,
Bauchi and Bornu provinces in

northeastern Nigeria. Geological Survey
of Nigeria Bulletin No. 30, 1963.

[3] Schoeneich, K. and Ugodulunwa,
F.X.0., 1994, April. Guide book on the
field trip to Panyam Volcanoes. 30t
Annual Conference of Nigerian Mining
and Geosciences Society, Jos, Plateau
State, pp 18.

[4] Lar, U. A. and Usman A. M.
Environmental distribution of trace
metals in the Biu Volcanic Province
Nigeria: Exposure and associated human
health problems. International Journal
of Scientific & Engineering Research,
2012, 3(10), pp 1-16

(5] Lar, U.A., Lekmang, I.C., Shuaibu,
MUT., Mahmud, U.M. and Yakubu T.A.
Volcanoes of Nigeria: A preliminary study.
Paper presented at the 7" Conference on
African Geology. Assiut, Egypt,

2013, April.

[6] Tsalha, M., Lar, A.U., Yakubu, T.A.,
Blundy J. & Bart, HW. (2014).
Geochemistry and geochronology of the
quaternary volcanisms of the Kassa
volcanic field, Jos Plateau, North central
Nigeria. IOSR Journal of Applied
Geology and Geophysics, 2 (3), 51-63.

[7]1 Lar, UA, Mohammed TS, Yakubu TA,
Mahmud UM, Haruna ST, Samuel T.
Development of geohazards map of
Nigeria, mapping of volcanic edifices in
Nigeria CGG. In: Toro Project; 2007.
Unpublished Manuscript

(8] Wright, ].B. (1976). A critical review

of geology of Nigeria. InC. A Kogbe
(Ed,), Geology of Nigeria (pp 309-317).

19

Lagos: Elizabethan Publishing
Company.

[9] Patterson G. Lake Pidong-A
preliminary survey of a volcanic crater
lake. Dept. of Geography, University of
Durham, UK, 1986.

[10] Longpia, C.B 2021.
Hydrogeochemistry of Pidong Volcanic
Crater Lake, Jos Plateau, Nigeria:
Constraints on Chemical Elements
Sources. Unpublished PhD Thesis
University of Jos, Nigeria.

[11] Macleod, W. N, Turner, D. C and
Wright, E.P. The geology of the Jos
Plateau. General geology. Bull.
Geological Survey of Nigeria, 1971,
32 vol. 1.

[12] Lar, U., Lekmang, I., Longpia, C.
and Tsalha, M. Is a volcanic eruption
possible in Nigeria? In A. Paone and
Yun, S. (Eds.), Forecasting Volcanic
Eruptions, pp (5-27). London: Intech
open, 2020.

[13] Lekmang, I.C., 2019. Geochemistry
of the basalts of Kerang twin volcanoes
within the Panyam Volcanic Line, Jos
Plateau, Nigeria: Implications for their
origin and evolution. PhD Thesis, pp
176, University of Jos, Jos.

[14] Gibbs, R. J. (1970). Mechanism
controlling world water chemistry.
Science, 170, 1088-1090.

[15] Martinez Cruz, M. Geochemical
evolution of the acid crater lake Poas
Volcano, (Costa Rica): Insights into
volcano-hydrothermal process.
Unpublished PhD Thesis, University of
Costa Rica, Costa Rica, 2008.

[16] Lar, U.A. and Gusikit, R.B.
Environmental health impact of
potentially harmful elements
distribution in Panyam (Sura) Volcanic
Province, Jos Plateau, Central Nigeria.



Progress in Volcanology

Environmental Earth Sciences.
Springer, 2015.

[17] Ghadami F, Mahmoud Nirzaei,
Mohammed Ghomi, Najid Minna.
Hydrochemical Properties of the
Thermal water of Mahalat Abgarm,
Iran. GRC Transactions, 2012, vol. 36.

(18] Ghiglieri, G, Pitals D, Cerr G,
Oggiano G. Hydrogeology and
hydrogeochemistry of an alkaline
volcanic area: the NE Mt Merunslope
(East African Rift-Northern Tanzania).
Journal of Hydrology and Earth System
Sciences, 2012, 16, 529-541.

[19] Evans, W.C., White, L.D., Tuttle,
M.L,, Kling, GW., Tanyileke, G. &
Michel, R.L. (1994). Six years of change
at Lake Nyos, Cameroon, yield clues to
the past and cautions for the future.
Geochemical Journal, 28, 139-162.

[20] How volcano works. Retrieved
March 15, 2016 from http://www.
geology.sdsu.edu/how_volcanoes_work/
Nyos.html

[21] Taylor S. R and Mclennan S.M. The
celential crust: its composition and
evolution. Blackwell Scientific
publication, Oxford, 1985, pp 312.

[22] Offodile, M.E. (2002). Groundwater
study and development in Nigeria (2™
eidition). Jos: Mecon Geology and
Engineering Services Ltd.

[23] Mackenzie, F. J. and Garells, R. H.
Silicates: Reactivity in water science,
1965. 150, 57-58.

[24] Chourasia, L. P. Hydrogeochemistry
of groundwater in part of the hardrock
terrain of Central India, Proceedings of
symposium HS 2005 at IUGG Perugia:
IAHS Publishing 314: 2007, pp 286-292

[25] Rajmohan, N., Al-Futaisi and
Al-Tougi, S. Geochemical process
regulating groundwater quality in
coastal region with complex

20

contamination sources: Barca, Sultante,
Oman, Environmental Earth Science,
2009, 59, 385-398.

[26] Craig, H. Isotopic variations in
meteoric waters. Science, 1961.
133(3465), 1702-1703

[27] Rosanski, K., Araguas-Araguas, L.
and Gonfitiatini, R. Isotopic patterns in
modern global precipitation. American
Geophysical Union Monograph, 1993,
No. 78 Washington: AGU.

[28] Martin-Del Pozzo, A.L,

Inguagiato S, Aceves F, Saenz H, and
Aguayo A. Spring water and
COsinteraction at Popocatepetl volcano,
Mexico, 2002, Vol. 41 (3), pp 345-351.


http://www.geology.sdsu.edu/how_volcanoes_work/Nyos.html
http://www.geology.sdsu.edu/how_volcanoes_work/Nyos.html
http://www.geology.sdsu.edu/how_volcanoes_work/Nyos.html

