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ABSTRACT

Analysis of bottomhole temperature (BHT) data frofnexploration wells in X-Field of south easterrmgéli Delta
has been carried out in order to determine appatgpdorrection method and correction factor whigh lbe used to correct
the measured bottom hole temperatures, estimatteyemal gradient, true formation temperatures ushe corrected
BHT and to ascertain the accuracy of the correBidd data using statistical tool. Horner and Waplasthods were used
to correct the bottomhole temperatures. The stimbyvs that the geothermal gradient of a formatiom lsa effectively
determined by first correcting the measured bothare- temperatures. Geothermal gradients computed the various
wells indicated that these gradient varies froml welwell. These variations may be attributed t@mdes in thermal
conductivity of the rocks within the formation gralwater flow etc. The geothermal gradients ranges 0.014°C/m to
0.030°C/m. A regional average vertical geothermatignt of 0.023°C/m or 23°C/Km was obtained frdwa $tudy area.
The accuracy associated with the corrected bottolm-tbemperatures (BHTs) was achieved using theestisd t
distribution at the desired level. At 95% and 9%#afaence interval (Cl) and computed corrected BioFsWell AMK-1
is 113.27 £8.02 and 113.27 + 19.14 Similarly forIWeMVIK-2 is110.43 + 6.20 and 110.43 + 27.15. It walsserved that
the 95% confidence level is more reliable than38& since the lower limits of the confidence intdsvwill be very far
from the uncorrected bottom-hole temperatures,rinciple the lower confidence interval limit shoulsk equal to or
greater than the uncorrected bottom-hole tempersitufhe deviations of the uncorrected bottom-helaperatures
(BHTSs) from the corrected (BHTSs) using both Horaed Waple’s methods for wells AMK-1 and AMK-2 arg= 3.30,
o, =3.82 for AMK-1 andoy, = 0.26,0,, =0.81 for AMK-2. Our investigations also show tltaére is a high degree of

closeness between the corrected bottom-hole tetopesa(BHTS) values of Horner and Waple’'s method.

KEYWORDS: Statistical Analysis on Corrected Well-Log DerivEemperatures in South-Eastern Niger Delta

INTRODUCTION

The understanding and strong dependence of teroperstiudy has led to the renewed interest in usiegnal
data in exploration for hydrocarbons, detectiozafes of over pressure, basin analysis, stratiggapbdeling of thermal

migration of organic matter, and the study of €aréivolution etc.

Temperature which is the quantitative measure eftéimdency of heat to flow in a given directionoie of the
primary factors controlling hydrocarbon generatisagdiment diagenesis and migration of hydrocarlams other fluids
(Nwankwo, 2007).

Subsurface temperature increases with depth dtietoutflow of heat from radioactive isotopes frima centre

of the earth (Lowrie, 1997). The rate of tempemtincrease with depth is known as geothermal gnhd&eothermal
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40 O.l. Horsfall, E. D. Uko & D.H. Davies

gradient can be used in the study of regional armregional tectonics, assessment of geothermalires potential,

indicator of subsurface temperature distributiaenitification of prospective areas for oil and gaploration etc.

Borehole temperature is the temperature measurgdeirthe borehole during drilling or when drillifgas
stopped. Borehole temperature measurement is imgoih several areas of underground resource iigadisin and
management (Ochuko, 2011). In mineral exploratiadnaids the detection of massive mineral exploratidn

hydrogeology, temperature variations can be a kayent in the understanding of underground wataw fl

Bottom hole temperature is the maximum recordedpégature from a wellbore few hours after drillingsh
stopped. Most bottom hole temperature measurenoahigprovide two or three temperature data; thikesat unreliable
in generating borehole temperature profile, alsoingudrilling, most times temperature data are it after the
perturbing (mainly cooling) effects have subsidetde correction needed to be applied using ciiomaime, and time
since circulation has stopped for correcting thigioal temperature of the logging suit. Providedesal logging runs have

been made and data obtained are subjected to tongahen the true formation temperature cantiaioed.

Records show that bottom hole temperatures has bsed by various authors in the Niger Delta araga fo
temperature studies (Akpabio and Ejedawe, 2011y uke linear extrapolation between ambient andobothole
temperatures to develop a geothermal gradient malpeoNiger delta. (Bayram et al., 2011) showedhieir study that
approximate temperature at various depths in diffeparts of an area can be estimated from tempergtradient map.
(Nwankwo and Ekine, 2009) used bottom hole tempegastudy to show that differences in geothermatigmts may
reflect changes in thermal conductivity of rockspundwater movement and endothermic reactions gudigenesis.
(Uko et al., 2002) working on the Northern Nigerltaecalculated geothermal gradient to vary betwg&g26°C/Km to
27.27°C/Km. (Uko et al.,2002) also observed thahology controls geothermal gradient of a formation
(Nwachukwu, 1976) stated that the geothermal gradigap could be used in the application of the bgdrbon concept

for oil exploration.
GENERAL GEOLOGIC SETTING

The Niger Delta Basin which is one of the world’sshprolific petroleum producing tertiary deltagiatcounts
for about 5% of the world’s oil and gas reservel@ated on the continental margin of the Gulf afitg@a in equatorial
West Africa and lies between latitude 4° and 79giltude and 3° and 9°E(Whiteman, 1982). Threeditiatigraphic units
have been identified in the subsurface Niger Défaort and Stauble, 1967; Frankl and Cordy, 196/o&bo 1978).
These stratigraphic units are from the oldest ® ybungest, the Akata, Agbada, and Benin formasaidie Akata
formation (Eocene —Recent) is a marine sedimergacgession that is laid in front of the advanciedfad It is mainly
uniform under compacted shale with colours consistf dark grey, sandy, silty shale with plant ramaat the top.

The shales are rich in planktonic and benthoniarfonifera and were deposited in shallow to deeprmaanvironment.

The Agbada Formation (Eocene-Recent) is charaetérlzy paralic interbedded sandstone and Shale avith
thickness of over 3,049m (Reijers, 1996). The tbgbada Formation is defined as the first occureenf shale with
marine fauna that coincides with the base of th&tigental-transitional lithofacies. The base isignificant sandstone
body that coincides with the top of the Akata Fatiora(Short and Stauble, 1967). Some shales oAtismda Formation
were thought to be the source rocks, however; Bjeds al., (1984) deduced that the main sourcesrotkhe Niger Delta

are the shales of the Akata Formation.
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The Benin Formation is the youngest lithostratigwiapunit in the Niger Delta. It is Miocene — Recénage with
a minimum thickness of more than 6,000 ft (1,82@mJ made up of continental Sands and sandston8%aj>®ith few
shale intercalations. The sands and sandstone®arse-grained, sub angular to well rounded and@mgepoorly sorted.

Planktonic foramin

METHODOLOGY
Bottom Hole Temperature Correction Methods

It is evident that measured subsurface temperdtare a borehole is always lower than the stationfmion
temperature; this is because when the boreholeirggkdrilled a large quantity of the drilling musl circulated in the
borehole to facilitate the drilling, evacuate thdtings and stabilize the hole. The adverse effetthis circulation and
other drilling influence like thermal properties thfe drilling fluids, nature of heat exchange betwédorehole and the
well, duration of drilling, non-equilibrium tempeuae at the time of measurement etc, on the foomatiere the reasons
why bottom hole temperature data was rarely usegeophysical studies. Hence correction of the nreasbottom hole

temperature is of utmost importance.

Several methods to correct bottom hole temperatuaes been proposed by many authors, such as trexton
made (Davies et al., 2007); Henrikson and Chap2@®2; Onuoha and Ekine, 1999 etc.

In this study the Bottom Hole Temperatures fromekploratory wells were collected for correctionttoe or

static formation temperature.

The bottom Hole drilling effects were corrected uging two different methods; The Horner Plot andple'a

methods.

The Horner's Plot method is a concept of a strailjie relationship between the measured bottom hole
temperatures and circulation times, while Wapleshoe allows corrections to be made on individuaiorded bottom

hole temperatures.
The Horner's Method

The Horner’s Plot is a method that relies on a ephof straight line relationship between BHT ahe log ofAt

/ (At+T). On extrapolation of this straight line to @aross the abscissa at 1, yields the true statication temperature.
BHT's versusht / (At+T) = 1 (1)
A plot of BHT versudht / (At+T) on semi log paper is a straight line.
Because Lini\t / (At+T) = 1 corresponds to:.T

D. W Waples et al., Method

Wapleet al all extrapolated that for individual temperaturédse correction factorsf which is applied to the

difference between the measured temperatures argutface temperature is given as below
BHTy = Ts+ fg(Tyu - Ts) — 0.0001391(Z — 4498)(Waples and Ramly, 2001) (2)
fs= 1.3433¢>00%%(50) )

Where,
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BHT, = Corrected BHT

fs = Correction factor

Ts = Surface Temperature (°C)

Tw = Measured Temperature (°C)

Z = Depth (m)

TSC = Time Since Ciculation has Stopped(Hrs)

After the measured bottom hole temperatures wenected using the various methods statistical amalywas

carried out to investigate the level of confideassociated with those corrected temperatures imwalis.

Student’s t distribution was used to compute th#idence levels for the mean corrected bottom kexeperature
at the desired levels and the Chi-Square for tnedstrd deviation. (Edward and Srivastava 1989; iMd975)

Using coefficient of variation and confidence inm&t The desired level used for this study is 958d 89%

intervals. (Murray et al., 1975)

The Student’s t Distribution

BHT £ tc(S/V) 4)

V=N —K (®)

BHTy + t. (==) (6)

BHT k= Corrected Bottom Hole Temperature

t= Critical values or confidence coefficients, walnidepends on the desired level of confidence hed t
sample size

S = Standard Deviation

\% = Degree of freedom

N

Sample population.

RESULTS AND DISCUSSIONS

Using the Horner plot and Waple’s methods to cari@cthe drilling effects on bottom-hole temperatsi (BHT),
results were obtained which are presented in th®us tables and figures below. The Horner's plediemes a linear
relationship between BHT at a given depth from eakbkeveral logging runs against the log Af/ft + t) which is a
dimensionless time. The extrapolation of this ginailine cuts the absisca at 1 and yields the sta¢ic formation
temperature. i.e. BHI While the Waple’s method approach allows corpectio be made on individual recorded BHT

data.

Table 1 shows the bottom-hole temperatures (BHTainbd from the ten different wells and its cori@ttusing
the Horner's plot method. The table is showing tlepths, uncorrected bottom-hole temperature (BHilyes, the

corrected bottom-hole temperature (BjiValues, the time since circulation has stopped &nd the length of time that
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the borehole was subjected to the cooling effedheffluid @At). The effect of this correction is to raise thecarrected
bottom-hole temperatures to the static formatianperature or very close to the formation tempeeatfrthe formation

under consideration.

Table 2. shows the corrected bottom-hole temperatusing the Horner’s method. These corrected sajuee
the formation temperatures of the various wellse Thrrected values obtained indicates that inhallwells under study
there is the possibility of hydrocarbon formatiance the corrected temperatures falls within thegeaof temperatures
where maturation occurs(60° - 120°).

Table 3 also shows the bottom-hole temperaturesTjBitained from the ten different wells and itgreation
using the Waple's method. The table is showing depths, uncorrected bottom-hole temperature (BHiljes, the
corrected bottom-hole temperature (BfjValues, and the number of runs. Similarly the&fof this correction is to raise
the uncorrected bottom-hole temperatures to th $tamation temperature or very close to the fation temperature of

the formation under consideration.

Table 4 shows the corrected bottom-hole temperaitusing the Waple's method. These corrected valises
give the formation temperatures of the various svellThe corrected values obtained indicates thatwealls
AMK-1 — AMK-8, and AMK-10 under study there is thmossibility of hydrocarbon formation since the eated
temperatures falls within the range of temperatuwhksre maturation occurs(60° - 120°). AMK-9 hasgerature below

the range of maturation and subsequent formatidryadfocarbon.

Table 5 shows the comparison of the corrected bwotiole temperature values (BHT's) using both Horsued
Waple’'s methods. Careful observation indicates thatdifference in the corrected bottom-hole terapee values from

the two methods are very close.

Table 6 shows the geothermal gradients computed fhe various wells, these gradients vary from welvell.
The geothermal gradients range from 0.014°C/mQ@8@C/m. A regional average geothermal gradierit.@23°C/m was

obtained from the study area.

Table 7 is a statistical table showing the confadelevels of the corrected bottom-hole temperataiaes using
Waple’'s method the desired confidence levels use®3% and 99% respectively. The statistical amalyslicated that at
95% confidence level the corrected bottom hole &natpire values are reliable. This is evident in rdiege of values
presented in table 7. The assurance of the coddotdétom-hole temperature values is that, the lolieit of the
confidence level should always be equal to or higih@n the average uncorrected bottom-hole temperan the
particular well under consideration as evident iallsv AMK-2, AMK-5, AMK-9 and AMK-10 where the lowelimit
values of the confidence level is higher than theourected bottom-hole temperature values. In essérihe lower limit
temperature value is lower than the average unceatebottom-hole temperature values, then it issadiVe to only work
with the upper limit bottom-hole temperature valugsing 99% confidence level the lower limit exibéal bottom-hole

temperature values that are very far from the aeetacorrected bottom-hole temperature values.

Table 8 shows the deviations of the uncorrectedobehole temperatures from the corrected bottone-hol
temperatures for both methods, the values obtahedved that deviations of uncorrected bottom-heteperatures from

the corrected values for both methods are notaorém each method in the various methods.
Table.9 shows the coefficient of variations in gertage using both methods.
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Figuresl. AMK-1 - AMK-10 presented below shows tagiation of the uncorrected bottom-hole tempemand
corrected bottom-hole temperature with depth withe temperatures increases with an increasing ddjih red line
indicates the corrected bottom-hole temperaturdewthe blue represents the uncorrected bottom-feohperatures. From
the plots it was observed that the corrected teatpes values is higher than the uncorrected teryeras evident in the
red and blue lines. Figures 11 — 20 is showingHbener’s plot for wells AMK-1 - AMK-10. The gener&howledge of
the Horner's extrapolation is to substitute X=1tlwe linear equation displayed on the plots to ghe static formation

temperatures of various wells.

Figure 21 is plot showing corrected bottom-holeferatures with depth to give the regional geothégredient
within the study area.

Table 1: Bottom-Hole Temperature Correction ValuesUsing Horner's Method

At (Hrs) | T(Hrs) | At+T(Hrs) | (AUAt+T) | BHT(°C) | BHT4(°C)
7.00 6.00 13.00 0.5385 104
11.50 6.00 17.50 0.6571 107 | 114.35
19.50 6.00 25.50 0.7647 109
7.00 6.00 13.00 0.5385 100
11.50 6.00 17.50 0.6571 105 | 116.67
19.50 6.00 25.50 0.7641 108
8.25 3.00 11.25 0.7333 116
11.00 3.00 14.00 0.7857 125 | 115.86
13.50 3.00 16.50 0.8182 128
1.50 6.00 7.50 0.2000 102
6.00 6.00 12.00 0.5000 106 | 112.54
11.50 6.00 17.50 0.6571 108
7.25 4.00 11.25 0.6440 100
10.00 4.00 14.00 0.7143 109 | 157.51
1250 4.00 16.50 0.7576 119
7.00 6.00 13.00 0.5385 90
11.50 6.00 17.50 0.6571 93 100.35
19.50 6.00 25.50 0.7647 95
7.00 6.00 13.00 0.5385 91
11.50 6.00 17.50 0.6571 94 101.35
19.50 6.00 25.50 0.7647 96
1.50 6.00 7.50 0.2000 67
6.00 6.00 12.00 0.5000 71 81.54
11.50 6.00 17.50 0.6571 73
8.25 4.00 12.25 0.6735 50
11.00 4.00 15.00 0.7333 54 76.02
13.50 4.00 17.50 0.7714 58
7.25 5.00 12.50 0.5800 60
10.00 5.00 15.50 0.6667 65 90.08
12.50 5.00 17.50 0.7143 70
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Table 2: Corrected Bottom-Hole Temperature Values ing Horner's Method

Table 3: Bottom-Hole Temperature Correction ValuesUsing Waple’'s Method

Wells BHT y(°C)
AMK-1 114.35
AMK-2 116.67
AMK-3 115.86
AMK-4 112.54
AMK-5 157.51
AMK-6 100.35
AMK-7 101.35
AMK-8 81.54
AMK-9 76.02

AMK-10 90.08

Wells Run No | Depth(m) | BHT(°C) | BHT,(°C)
AMK-1 1 1350 104 105.32
2 2650 107 115.30
3 3048 109 119.20
AMK-2 1 700 100 105.12
2 2200 105 112.10
3 3200 108 114.08
AMK-3 1 2100 116 120.00
2 3100 125 129.97
3 3700 128 133.90
AMK-4 1 600 102 104.49
2 2300 106 109.46
3 3658 108 111.44
AMK-5 1 1500 100 105.72
2 2500 109 115.66
3 3300 119 125.60
AMK-6 1 1700 90 95.72
2 3000 93 99.69
3 3574 95 102.56
AMK-7 1 2500 91 93.00
2 3200 94 96.00
3 3650 96 98.55
AMK-8 1 600 67 72.58
2 2100 71 76.55
3 3100 73 78.53
AMK-9 1 800 50 54.14
2 1500 54 59.12
3 2861 58 63.09
AMK-10 1 1200 60 64.47
2 2800 65 69.44
3 3300 70 74.40

Table 4: Average Corrected Bottom-Hole Temperature/alues Using Waple's Method

Wells | BHT,(°C)
AMK-1 | 113.27
AMK-2 | 110.43
AMK-3 | 128.00
AMK-4 | 108.46
AMK-5 | 115.66
AMK-6 | 99.32

45
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Table 4: Contd.,
AMK-7 95.85
AMK-8 75.87
AMK-9 58.78
AMK-10 69.44

Table 5: Comparison between Corrected BHTS Using Haer and Waple's Methods

Well No | Horner's Method | Waple's Method
AMK-1 114.35 113.27
AMK-2 116.67 110.43
AMK-3 154.86 128.00
AMK-4 112.54 108.46
AMK-5 157.51 115.66
AMK-6 100.35 99.32
AMK-7 101.35 95.85
AMK-8 81.54 75.87
AMK-9 76.02 58.78
AMK-10 90.08 69.44

O.l. Horsfall, E. D. Uko & D.H. Davies

Table 6: Geothermal Gradients in the Various Wells

Well No. Geothermal Gradients °C/m
AMK-1 0.030
AMK-2 0.027
AMK-3 0.028
AMK-4 0.023
AMK-5 0.030
AMK-6 0.020
AMK-7 0.020
AMK-8 0.016
AMK-9 0.013

AMK-10 0.014

Table 8: Deviations of the Uncorrected BHTS from te Corrected BHTS for Both Horner and Waple's Methods

Wells Xw Ou X, Oh
AMK-1 6.61 | 3.82 6.68 3.30
AMK-2 6.10 | 0.81| 12.34| 0.26
AMK-3 496 | 0.71| 11.07| 0.46
AMK-4 3.13 | 0.45 7.21 0.20
AMK-5 6.33 | 0.43 8.75 0.62
AMK-6 6.33 | 0.75 7.68 0.16
AMK-7 2.18 | 0.25 7.49 0.16
AMK-8 555 | 0.21| 11.21| 0.20
AMK-9 478 | 0.46| 22.02| 0.26
AMK-10 | 4.45 | 0.01 5.33 0.33

Table 9: Coefficient of Variation (CoV) for Both Horner and Waple’'s Methods

Well | (CoV).% | (CoV),%
AMK-1 49.00 57.70
AMK-2 2.00 13.00
AMK-3 4.00 14.00
AMK-4 3.00 14.00
AMK-5 7.00 7.00
AMK-6 2.00 12.00
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Table 9: Contd.,

AMK-7 2.00 11.00
AMK-8 2.00 4.00
AMK-9 1.00 10.00
AMK-10 0.20 6.00
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Figure 21: Plot of Corrected BHT versus Depth to Gie the Geothermal Gradient of the Study Area
CONCLUSIONS

From the results of the bottom-hole temperatureection and the statistical analysis, the followotzservations
were made and conclusions drawn.

« Horner plot and Waple's method are effective metfardthe correction of measured bottom-hole temipees
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(BHTS) to static formation temperature of a forroati

e This study has confirmed that the geothermal gradié a formation can be effectively determined forgt
correcting the measured bottom-hole temperaturbs. geothermal gradients computed from the varioeksw
indicated that these gradients varies from wellvedl. These variations may be attributed to charigabermal
conductivity of the rocks within the formation grulwater flow etc. The geothermal gradients rangem f
0.014°C/m to 0.030°C/m. A regional average vertigalthermal gradient of 0.023°C/m or 23°C/Km wataioled
from the study area.

» The accuracy associated with the corrected bottolm{emperatures (BHTSs) was achieved using theestigit
distribution at the desired level. At 95%CI and 99%nd computed corrected BHTs for Well AMK-1 is3147
+8.02 and 113.27 + 19.14 Similarly for Well AMK-81i10.43 + 6.20 and 110.43 + 27.15. It was obsetivaidthe
95% confidence level is more reliable than the 3f6e the lower limits of the confidence intervaifl be very
far from the uncorrected bottom-hole temperatumregrinciple the lower confidence interval limit ald be

equal to or greater than the uncorrected bottora-tevhperatures.

* The deviations of the uncorrected bottom-hole tawmpees (BHTSs) from the corrected (BHTS) using bidtrner
and Waple’s methods for wells AMK-1 and AMK-2 are

o, = 3.30,0,, =3.82 for AMK-1 ando;, = 0.26 ,0,, =0.81 for AMK-2

* Our investigations also show that there is a higlyrée of closeness between the corrected bottoen-hol
temperatures (BHTSs) values of Horner Plot and Wapigethod. It is also found that there is good agrent

between the various correction methods.
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