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Abstract. New temperature measurements from eight bore-1 Introduction

holes in the West African Craton (WAC) reveal superfi-

cial perturbations down to 100 m below the alteration zone.grface heat-flow provides a direct information on the ther-
These perturbations are both related to a recent increase | structure of the lithosphere. On the continents, the cra-
the surface air temperature (SAT) and to the site effectgong have been stable for more than 1000 Myr and their tem-
caused by fluid circulations and/or the lower conduction in perature distribution is near the conductive equilibriuauc

the alterites. The ground surface temperature (GST), invertegart and Marescha007), with the notable exception of
from the boreholes temperatures, increased slowly in the paghe near surface perturbed by the past climatic fluctuations
(~0.4°C from 1700 to 1940) and then, more importantly, andj/or the meteoric fluids circulations. Heat-flow is usually
in recent years+1.5°C from 1940 to 2010). This recent gptained at the Earth’s surface as the product of the tem-
trend is consistent with the increase of the SAT recorde%erature gradient measured at thermal equilibrium in shal-
at two nearby meteorological stations (Tambacounda anggy horeholes (typically 100 to 1000 m) by the thermal con-
Kedougou), and more generally in the Sahel with a coevalyyctivity measured in the laboratory, preferentially on cores
rainfall decrease. Site effects are superimposed to the clifom these boreholes. Therefore, where the thermal gradient
matic effect and interpreted by advective (circulation of flu- js recorded, itis also where the equilibrium is most likely per-
ids) or conductive (lower conductivity of laterite and of high- tyrped and it is, therefore, essential to understand where and
porosity sand) perturbations. We used a 1-D finite differencesyoy it is actually perturbed. On the other hand, the pertur-
thermal model and a Monte-Carlo procedure to find the beshations in boreholes related to the climatic fluctuations pro-
estimates of these site perturbations: all the eight boreholgige further information on the traditional proxies used to re-
temperature logs can be interpreted with the same basal heatpnstruct the past surface temperature histbiyang et al.

flow and the same surface temperature history, but with someqQ(), especially on the low-frequency variatiorddberg
realistic changes of thermal conductivity and/or fluid veloc- gt g, 2005. The significance of the temperature reconstruc-
ity. The GST trend observed in Senegal can be confirmedions pased on borehole measurements relies, therefore, on

by two previous borehole measurements made in 1983 ifihe assumption that no other perturbation exists, but mostly
other locations of West Africa, the first one in an arid zone e suspect data are selected arbitrarily.

of northern Mali and the second one in a sub-humid zone Heat-flow measurements are not well distributed at the

in southern '\4621"- Finally, the background heat-flow is low Earth's surface and there still exists undocumented areas in
(31+£2mW m), which makes this part of the WAC more  Africa or South America. These areas also lack for long-

similar with the observations in the southern part 38 term air temperature records and climatic proxies and, there-

2 : : : : o
mW m~<) rather than with those in the northern part and in fore, new borehole measurements can provide essential in-
the Pan-African domains where the surface heat-flow is 15formation for the climatic evolution of equatorial and trop-

2 pi ) .
20 mwWnt < higher. ical areas. Here, we present eight new measurements from
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Fig. 1. Location of the Saraya site in theeougou Kenieba Inlier (KKI). The main geological units are reported frémeye et al(2007)
and the heat-flow data from an updated version of the global heat-flow dat@mseibe et aJ.2011).

a site in the West African Craton (WAC) and also in the 2 Geological context
Sahel domain, which represents the transition between arid
and sub-humid climatic conditions. Although these measureThe heat-flow measurements are located near the village of
ments have been obtained in nearby boreholes, they sho8araya, at the south-eastern border of Senegal {Fighis
differences in the upper 100 m for which we examine the postegion belongs to the &lougou Kenieba Inlier (KKI) in
sible causes in order to obtain reliable estimates of both thehe WAC, limited by the Pan-African belt (Mauritanides)
surface heat-flow and of the past temperature history. on the western side and the Phanerozoic sediments of the
Taoudeni basin on the eastern side. The KKI consists of Early
Paleo-Proterozoic terranes (Birimian) formed during the
Eburnean orogeny fromy2200—2000 Myr and is composed
of a volcano-sedimentary greenstone belt intruded by calc-
alkaline granites. Early Proterozoic kimberlitic pipes intrude
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the Biriminan terranes in the southern part of the WAC, in- 20
cluding the Kedougou-Kenieba region where they could be 1
early CretaceousMichel, 1996. The Saraya batholith is one i ‘
of these granitic intrusions as large as 2006 Kormed at
about 2079 Myr Gueye et al.2007). In the area of the heat-
flow measurements, it is a two micas syenitic granite with
pegmatite equivalents composed of coarse grains with 23—
32 percent of quartz, 47-62 percent of microcline (potassic —
feldspar), 10-15 percent of plagioclase, 1-2 percent of mus- o5 - —
covite and 1-2 percent of biotitdN¢liaye 1994. The up- — e
per 20-30m is formed by saprolithes (laterite, lithomarge ' oo 1o 100 100 1900 2000 2010
and granitic sands from the top to the bottom), which rep-

emperature

Tambacounda L
Kedougou

4 ! ! ! !

resents the alteration products of granites in a tropical con- é 3 i
text (Diouf, 1999. The water level is generally shallow £ 1- -
(less than 10 m when we did measurements) and the granitic © | i
sands above the fresh granite can locally form good aquifers -% 2] i
(Diouf, 1999. oo, ‘ ; ; ; ; ‘
1940 1950 1960 1970 1980 1990 2000 2010
T 20 : : : : : :
3 Previous heat-flow measurements g ]2 |
[0
Only few heat-flow measurements are available in the WAC % ];‘ I
(Fig. 1). The first measurements in the southern part (Leo % 10 -
Rise) revealed low value€papman and Pollack974 Beck T 8y o0 em e vem ie 200 om0
and Mustonenl972 confirmed by later measuremengags Year

and Behrendt198Q Brigaud et al. 1985. Measurements in

the northern part of the WAG(igaud et al.1985 Rimiand  Fig. 2. Upper part: 2 and 10 years running average air tempera-
Lucazeaul987 Lesquer et al.1989 Takherist and Lesquer  tures at the meteorological stations of Tambacounda and Kedougou.
1989 Lesquer et a).1991) have conversely shown values The world annual average from the Goddard Institute for Space
15-20 mW nT? higher. The Pan-African border also shows Studies fittp:/data.giss.nasa.gov/gistemp/graphs/Fig. Aelso
higher values in the norttB¢igaud et al, 1985 Rimi and Lu- shown. Middlc_a' part: Sah_el precipitations (cm/month)_ from NQAA
cazeay1987 Latil-Brun and Lucazeau 988 Lesquer et a). NCDC mttpzlljlsgo.wgshlngton.edu/data/saheﬂhe thick line is
1989 Takherist and Lesquet989 than the western border 2 10 Years moving window. Lower part: Area bi@) devoted to
(Latil-Brun and Lucazeaul 988 Lesquer et a).199]). Les- crops in the Sahel since 19604ndji et al, 2008.

quer and Vassel{.992 have correlated the higher heat-flow

in the north to the presence of a regional mantle anomalyson in the western part of Seneg#all et al, 2009. We

Lﬁz;zﬁ;ﬂitf]ects the large scale gravity field and the P-wave%ave analysed the trend of the air temperature at the Ke-
' dougou and Tambacounda meteorological stations (the clos-
est from the site of Saraya). The Tambacounda station has
4 Climatic context almost a continuous record since 1941, while the Kedougou
station starts only in 1967 and has many gaps. We filtered
The Senegal climate is at the transition between arid to hyperthe monthly averages (obtainedtdtp://data.giss.nasa.gov/
arid (Sahara desert) in the north of Senegal and dry subgistemp/statiordata) with a 2 years and a 10 years running
humid in the south. This transition zone is known as thewindow (Fig. 2), which shows a linear increasing trend of
Sahel that runs from Senegal to Ethiopia. The Sahel cli-about 0.0218C yr—! since the beginning of the instrumental
mate is basically controlled by the intertropical convergencerecord. This trend is less important than in the Western part
zone (ITCZ), which determines the dry season (November-of Senegal tall et al, 2006, but more important than the
April) when it migrates southward and the wet season (May-world average for the same period of time (R2y.
October) when the monsoon winds flow from the Atlantic. The Sahel zone was also strongly affected in the 1960s by
The air temperature varies according to these seasons, wittlesertification and starvation following the increasing dry-
higher values and smaller amplitude during the dry sea-ness and overuse of agriculture capaciti&sng 2003. The
son (all et al, 2006. Several meteorological stations have increase of SAT in eastern Senegal correlates well with the
recorded temperatures since the mid 20th century, and thdecrease in precipitation as well as the increase of agricul-
average annual temperature evolution shows a significant intural activity (Fig.2). The relative importance of the forcing
crease, mostly caused by the increase during the dry sedactors (human misuse of the land or climatic changes) has
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differ significantly in the upper hundred metres.
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Temperature (°C) Table 1. Thermal conductivity measured at site 1054.
30 31 32 30 31 32
0 | | o | - 15 Depth (m)  Thermal conductivity (W m'K 1) (s.d.)
= K 124.00 2.61 0.05
= '] ] I 141.55 2.78 0.05
% 150 - - - 160.50 2.97 0.05
O . i 182.40 2.22 0.02
250 ‘ ‘ ‘ ‘ ‘ 204.50 2.66 0.08
0 ‘ ‘ ‘ ‘ ‘ ‘ 218.90 2.75 0.06
. p1oss || s 243.00 2.62 0.06
S
~ 100 | m B
=
Q. 150 Fo -
2 o0 | - I 5 Borehole temperature measurements at Saraya
250 ; ; ; ; The temperature measurements (Fghave been obtained
1057 in 8 mining exploration boreholes near the village of Saraya.
=3 507 ] < | The temperature was determined with a thermistor probe cal-
= 1001 r - ibrated in the laboratory with a better than 0.005 K accuracy.
*% 150 - - Measurements were recorded at 5m deep intervals. We ini-
O 5 | - | tially started temperature measurements at a 30 m depth (the
250 | | | ‘ base of the alteration zone), but later we recorded from 10 m
0 ; : -~ ‘ : po— in order to better constrain the climatic signal, as the wa-
— 501 L - ter level was around 6—8 m when we did the measurements.
S 100 - | The bottom of the measurements is generally between 230—
%_ o - | 250 m, butin few of them it was not possible to log below the
2 tubed part (100 m). The temperatures and temperature gradi-
2007 ] i ents are very similar in the deep part (deptti25 m), but
31 32

T
30 31 32 30

Fig. 3. Temperature versus depth profiles. Circles are measure-

ments, thin lines are results of the numerical model including both6  Rocks thermal conductivity

the variations of surface temperature and the site effects. Parameters

of the models are specified in Talfi¢see also discussion section). Thermal conductivity was measured on cores by a divided
bar method Iflisener and Beck1960 at the IPGP geother-
mal laboratory. Only one (1054) of the boreholes where we
obtained temperature measurements was cored and, there-

long been debated, but some recent mod8iargnini et al, fore, only this one was sampled at 20 m intervals from 125m

2003 primarily related the southward shift of the ITCZ to to 245m. A single conductivity determination with the di-

the increasing sea surface temperatures in the Atlantic andided bar method relies on five measurements at steady-state,

the positive land-atmosphere feedback. Because of this shifpbtained on five different water-saturated plugs with thick-

the region of Saraya, which was sub-humid in the 1960s, imess varying from 2 mm to 10 mm. The thermal resistance of

now in a semi-arid conditiorHall et al, 2006 Lebel and Alj each plug is measured and the thermal conductivity is calcu-

2009. Additionally, the long-term temperatures recorded by lated by a least-squares linear fit to the resistance/thickness

few meteorological stations in the Sahel are weakly but in-data. This procedure allows the detection of sample-scale

versely correlated to the rainfall indekilme et al, 2007).

variations of mineralogy unrepresentative of the large-scale

During the Last Glacial Maximum (23-18 ka BP), the cli- average rock composition. It also eliminates isolated hetero-

mate was dry and cooler than tod&yasse2000. The tran-

geneities and yields a truly representative conductivity that

sition to the interglacial started at 17 ka BP, followed by a wetcharacterises large-scale crustal heat conduction. The accu-

period (African Humid Period) from 14.8 to 5.5 ka Béef

racy of the measurement is better than 3 perdelatréschal

Menocal et al.2000: the Sahel and the Sahara regions wereet al, 2005.

covered at that time by lakes and wetland€Zine et al.
2011). The SAT was about & lower than today during the
Late Glacial Maximum Gasse et 12008 and about 2C
lower during the African Humid PeriodP@tricola and Coagk
2007).
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The thermal conductivity (Tabl#) is homogeneous in the
lower part of the borehole (2.66, 2.75 and 2.62 WiK 1
at 205m, 219m and 243 m, respectively). At 182m, ther-
mal conductivity is significantly lower (2.22 Wni K1),
and then higher (2.97 and 2.78 W#hK~1) at 160m and

www.solid-earth.net/3/213/2012/



F. Lucazeau and F. Rolandone: Heat flow and GST history in Senegal 217

142 m, respectively. The last core at 124 m gives a value ofAs the temperature is measured at several depths= 1, m,
2.61Wn1T 1K1 This represents large variations, but not ex- a set ofn linear equations can be formed from Et). &nd in-
ceptional for granites, which can be partly attributed to someverted for the unknown variabld®, go andT; (z, ¢). In order
changes in the mineralogy (less quartz and more feldspar &b limit the numerical instabilities, the method used a regular-
182 m and 124 m). The higher thermal conductivity at 142 misation parameter, which can be either a cutoff of the lowest
and 160 m is correlated with a lower temperature gradientsingular values or a damping parameter added to them. We
insuring a constant heat-flow. At 124 m, the low temperatureused the second method that gives better results for our prob-
gradient (8.4 m Km?) is still influenced by the climatic sig- lem. Because of the shallow depths of the boreholes, we have
nal, which explains the absence of correlation with the ther-also limited the reconstruction to a period of 310 years before
mal conductivity. Finally, only one conductivity measure- 2010 (date of the measurements). In order to find the optimal
ment (182 m) remains unexplained and we assumed that Walue of the damping paramet¢r, we used a similar “L-

is not representative of the overall thermal structure. We aseurve” method agdartmann and Ratf2005, which corre-
sumed, therefore, that 2.66 WthK 1 is representative of sponds to the plot of the, norm of the data misfit as a func-
the thermal conductivity of the Saraya granite, as it repre-tion of the L, norm of the model. The optimal valug cor-
sents both the average of all the measurements as well as tliesponds to the corner of the “L-curve” where the data misfit
value in the deepest part of the borehole (more than 200 mand the model oscillations are minimum. As shown in Big.
where the thermal gradient is not affected by the superficiathe optimal f-value depends on the noise level and is not the
perturbations. same for all boreholesf(= 0.05 for hole 1059,/ = 0.01 for

hole 1054 andgf = 0.001 for hole 1057). We usefi=0.01,
which is more appropriate for the whole dataset. The time
discretisation of the model has also an important effect on
Fhe reconstructed GST. We have tested different values for

7 Ground temperature history

The past temperature variations on the surface of the Eart
are recorded as perturbations in the subsurface temperatu
gradient Birch, 1948. The depth at which the perturba-

tions are filtered out (“thermal length”) depends on the wave- if we apply the same discretisation £ 100) and the same

length of the climatic fluctuations (about 50cm and 10m ) — :
for daily and annual variations). For the temperature anomafJlamplng value f = 0.01) for all boreholes (Fig5), we ob-

lies recorded in the Saraya boreholes (order of 120 m), on(%ag“; a()?g‘;"it::/;e‘;?ti%gv 'g:]da 15321?)” ;irgaﬁgtuﬁéggfﬁe
can expect that the surface temperature was perturbed fora = = ' ’

period of about 100yr before measurements. On the othe lrggie 1(3507_213[;’; frr?;nléggo tro 2ogoi. ,{Si\ﬁ;ﬁlh ?k? retrrmrlfjs f
hand, perturbations related to the Last Glacial Maximum ’ ’ a ) are consiste € trend o

(23-18 ka BP) or the African Humid Period (14.8-5.5 ka BP) SAT measured at Tambacounda, others show higher (D1056,

cannot be detect in this depth range. This can affect the dete%oeésiﬁgtl?r\:\é eg%?ig;g??ﬁ?gg“geihvzfea;?gggg’bthzrg
mination of surface heat-flow for high latitudegagseur and ' Vi u y Sl

Lucazeau1983 Rath et al.2012), but remains negligible in ggggi ﬁln'[?l:/?egg\rqzlt?g;?oi QithheOdatgt?Iesrﬁ a;r(;ct)ﬂrn; for these
African tropics (less than 3mwns). P P '

Several previous studies provided algorithms to estimat% 1 Site effect
the ground surface temperature history from the tempera- - Ite etects
tures anomalies measured in boreholes. We used the singB—
lar value decomposition (SVD) inversion method developed .
by Mareschal and Beltran{19932. In this method, the sub- urbanisation, landscape or subsurface changes can affect the

surface temperature distribution is considered as the sum o(f“mat'c signal recorded in borehole_s. In Canada, thg varl-
. . able snow cover can control the relation between the air tem-
a stationary component resulting from the background heat-

flow g0 and a transient perturbatidh(z, ) due to the prop- perature and the ground temperatukafeschal and Bel-

agation of the seasonal and paleoclimatic fluctuations at thgam" 1992). .In central Africa, the deforestation b ‘?fore min-
surface: ing exploration has probably caused the local increase of

the GST Gebagenzi et gl1992. The local effects of hy-
q0< . .
T(z,t) =To+ — +Ti(z, 1) (1) drology and/or thermal conductivity can also be important
A according to the repeated borehole temperature measure-
The GST history is discretised as a succession of surface tenments in the Netherland&¢oi, 2008. At the site of Saraya,
perature step changé%G at timez; before the present-time boreholes are very close each other (100 to 700 m) except
(r = 0) and the transient perturbation is: D1056, which is 5km away, surface conditions are similar
(savanna) with no known recent change. It is more likely

N
< 2 that the observed differences are related to subsurface con-
Ti(z, )= TS erfc —erfc (2) Id ¢ SU
; / ( 2,/kt; 2,/ktj1 ditions that can change with the local characteristics of the

eorehole 1057, where the site effects are probably not impor-

ant (see below). The best fit was obtained for 100 time steps
over the period 1700-2010.

ifferent causes have been invoked to explain such effects:
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l; Fig. 5.Ground surface temperature history inverted at each borehole

i compared to the trend at the Tambacounda meteorological station.

r[ i The decrease observed after year 2000 in several boreholes is an
artefact of the inversion when the upper 30 m are not constrained by

Temperature (°C)

2:22 i data (this does not appear for boreholes where we measured tem-

0.00 ‘ ‘ ‘ ‘ perature between 10 and 30 m, which show higher temperature in-

1700 1750 1800 1850 1900 1950 2000 creases). On the other hand, boreholes 1014 and 1050 show lower
Year temperature increases.

Fig. 4. Optimisation of the regularisation factgtin the SVD in-
version. Lower part: GST for different values of the regularisation
factor f (inversion for hole 1057). Upper part: L-curves for bore-
holes 1057 (blue), 1054 (violet) and 1059 (green).

perturbations in the upper part of the boreholes (lower con-
ductivity A4 in the alteration zone, horizontal circulation of
meteoric fluids at a velocity}, and/or vertical circulation at

a velocity Vy in the aquifer at the bottom of the alteration
I_domain). The surface temperature variations with time have
been fixed at the same values (those recorded at the Taba-
counda meteorological station) for all boreholes, but the av-
erage valueTs as well as the local heat-floyy can be ad-
justed separately. There are, therefore, five parametgys (
Vi, Vw, Ts andgp) that are inverted by a Monte-Carlo proce-
dure to minimise the RMS difference between observed and
calculated temperatures at depth.

alteration domain (about 30 m below the surface). This a
teration domain is generally formed by laterites in the up-
permost part which evolve progressively to highly perme-
able granitic sands at the contact with fresh grarityf,
1999. Thermal conductivity of the laterites is very low (0.5—
1.15Wm 1K1 according tdVleukam et al.2004), and be-
cause their porosity can be locally high (up to 50 percent
according toDiouf, 1999 p. 52), the thermal conductivity
of granitic sands can also be low (water filling the pores , )
has a low thermal conductivity). Permanent circulations of /-2 Monte Carlo inversion

fluids are also possible in the porous and unconsolidated . L

granitic sands, which can also affect the propagation of thel "€ Monte-Carlo inversion is based on the forward resolu-
climatic signal in the ground. We assume that water rechargelion of the 1-D heat equation with advection of fluids and
somewhere at the surface and flows downward rapidly to thdreat production:
aquifer at a depth of 20—30 m, then flows horizontally in this

aquifer cooling the host rock and finally flows upward to the |, . ar _ a3 (kb 3_T>
surface (Fig.6). In order to test these different effects, we at 0z 0z
built a 1-D finite differences model that includes the effect

of the surface temperature variations at the upper boundaryhereiy, pp, cp and Ap are, respectively, the bulk thermal
condition and the effect of vertical or horizontal fluid circu- conductivity, density, specific heat and heat production of the
lations in a superficial aquifer. We considered three types ohost rock.

aT
+Ab+AW+IOWCWVW3_Z (3)
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Q Fig. 7. Temperature logs at 1050 and 1057 compared to model re-
0

sults including the surface temperature variations recorded at the
Tambacounda meteorological station and a vertical fluid circulation
Fig. 6. Conceptual model of perturbations that affect the tempera-in the alteration zone (0-30 m).
ture field at Saraya. The background heat-flgicontrols the nor-
mal temperature gradient. Perturbations are related to the variation
of the surface temperature with time, the fluid circulations in per- RMS is given in Tabl@ and in Fig.3 for all the Saraya bore-
meable zones (characterised by Darcy velociigsandVy,) and/or  holes.
the low thermal conductivity (diffusivity). in the alteration zone

(0-30m). 7.3 Vertical fluid flow in the alteration zone

The climatic perturbations can be amplified (or reduced) by
pw andcy are, respectively, the bulk density and specific vertical downward (upward) fluid circulation&goi, 2008.
heat of watery,, is the vertical circulation of the fluidd,y is We have tested several models including climatic fluctua-
a heat sink accounting for the horizontal fluid circulation.  tjons at the surface and vertical fluid flow that corresponds to
The equation is solved by an implicit finite differences recharging or discharging zone (between the surface and the
method. The mesh is divided into 2500 cells of 0.1 m andtop of fresh granites). The models assume that the fluid flow
the time step is 0.0833 year. The upper boundary condition isstarted long before the climatic variations at the surface and,
fixed asTs+ATs(t) whereATs(z) is the temperature anomaly  therefore, the initial conditions include the effect of a per-
monthly recorded at the Tambacounda station extrapolateghanent flow. Some results with vertical fluid circulations are
in the past from the SVD inversion far= 100 (0.4°C from  shown in Fig.7: as expected, the downward flow increases
1700 to 1940. This value also gives the best results for thehe climatic perturbation while the upward flow reduces it.
Monte-Carlo procedure). The lower boundary condition is The best model for borehole 1057 is the pure conductive as-
the background heat-flogo. sumption, while borehole 1050 requires an upward vertical
The Monte-Carlo inversion involves an a priori Gaussian velocity of ~1 myr-1 in the range 0-30 m. This would cor-
distribution of the parameter range and a set of 10 000 iterarespond to the discharge part of the circulation (B)g.
tions.
The quality of results is estimated by the total RMS de-7.4 Horizontal fluid flow in the alteration zone
fined by:
Assuming that superficial aquifers are part of a system where
10 meteoric fluids recharge at the surface, a permanent hori-
RMS= _Z(Tébs_ T 02 (4)  zontal circulation can remove some of the conductive ver-
i3 tical heat-flow and, therefore, limit the propagation of the
climatic wave to the depth. In order to estimate how much
wheren is the number of temperatures measured in the borefluid flow is required, we assumed that this effect is equiva-
hole. The best solution obtained for the lowest value of thelent to a heat sink proportional to the difference between the
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Table 2. Heat-flow and temperature gradient at the site of Saraya. (1) Borehole number; (2) longitude; (3) latitude; (4) measurement depth
range (m); (5) temperature gradient (m Kf) in the lower part of the borehole; (6) heat-flow (mV\Tﬁ) resulting from the Monte Carlo
inversion; (7) reference surface temperatG@)( (8) thermal conductivity in the alteration zone (0—30 m) (WJnK—l); (9) horizontal fluid

velocity between 20 and 30 m (m'y}); (10) vertical fluid velocity between 0 and 30 m (nTy); (11) total RMS ¢C).

1) @) @) (4) ® ©) @ ® 9 @10 (11)

1054 —11.75585 12.84058 30-235 11.94 3211 29.10 251 0.0 0.0 0.0198
1057 —11.75506 12.84041 30-235 12.19 325 29.00 2.65 0.0 0.0 0.0094
1059 —11.75522 12.84144 30-225 12.04 319 29.12 2.65 0.006 0.0 0.0185
1055 —11.75474 12.84882 30-240 12.61 30.7 29.34 2.65 0.035 0.0 0.0109
1050 —11.75474 12.84882 30-235 1261 33.3 2851 265 0-:01.04 0.0223
D1056 —11.72043 12.87992 1090 16.47 30.3 29.28 2.65 0.045 0.0 0.0353
1014 —11.75387 12.84637 10-145 15,57 31.0 2815 2.65 0:01.59 0.0199
1015 —11.75784 12.84575 10-110 13.74 285 29.02 2.65 0-00.69 0.0321

0 S 0.05 myr ! to explain the attenuation of the upper tempera-
ture anomaly in borehole 1050.

5 7.5 Low thermal conductivity in the alteration zone

Similarly, we have tested the effect of low conductivity (be-
tween 1 to 2WmlK=1) in the alteration zone (0-30m)

g 1001 - with respect to the standard “normal” value of granites
= (2.65WnT1K~1). Figure9 shows that the lower the con-

a ductivity in the alteration zone, the lower the apparent cli-
3 150+ L matic perturbation in the borehole. The best value of the ther-

mal conductivity to explain the temperature profiles at bore-
holes 1050 is 1.25-1.50 WThK 1. This is a likely value
for granitic sands with 40-50 percent porosity as well as for
laterite (Meukam et al.2004).

—e— 1050

—e— 1057

—— conduction

—— 0.02 m/y (20-30m)
0.05 m/y (20-30m)
0.08 m/y (20-30m)

—— 0.10 m/y (20-30m)

200

250 T T T T T
29.5 30.0 30.5 31.0 315 32.0 325

Temperature (°C) 8.1 Origin of the local anomalies

8 Discussion

Fig. 8. Temperature logs at 1050 and 1057 compared to model reThe temperature profiles in the eight boreholes at the site of
sults including the surface temperature variations recorded at th‘?‘:araya are all affected by the surface air temperature increase
Tambacounda meteorological station and the horizontal fluid Circu'during the twentieth century, but they do not all record the
lation in an aquifer between 20 and 30 m. same amplitude of this increase. Two boreholes (1050 and
1014) show a lower perturbation than the others. Because all

) of these boreholes are very close to each other and because
rock temperaturd; and the fluid temperaturg, and to the  there is no obvious change of the local surface conditions,

fluid velocity Vh: we have attributed the causes of these differences to the sub-
surface conditions and more specifically to the nature of the
pwew Va(Tr — Tt) (5)  alteration zone. The drilling record mentions, for instance,

difficulties at site 1050 related to the stability of the saprolith
where py, and ¢, are the density and specific heat of the and one other borehole was totally collapsed during our visit.
fluid. In a first approximation, we assume that the temper-The base of the alteration zone is formed by coarse grains
ature of the fluid equals the temperat@itat the surface and granitic sands, which can be local aquifers. We have no de-
that the permeable zone where fluids can flow is located betails on the exact nature of this saprolith, but we did simple
tween 20 and 30 m. Some results are shown in 8ignd numerical models including either the changes that can af-
compared to the observations of two temperature profiles afect the conductive structure (high porosity decreases ther-
boreholes 1057 and 1050. The temperature profile in the firsinal conductivity significantly) or the circulation of fluids.
one is best explained by pure conduction, while it requiresThe observed temperature profiles can be generally explained
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Fig. 9. Temperature logs at 1050 and 1057 compared to model re- 5
sults including the surface temperature variations recorded at the @
Tambacounda meteorological station and a low thermal conductiv- 8 1.0 i
ity in the laterite and saprolithe between 0 and 30 m. £
D o5 -
|_
. . B _—-—'—'_'_"_F
by several different processes or combinations of these pro- 00 ‘ 7 ‘ ‘ ‘ ‘
1700 1750 1800 1850 1900 1950 2000

cesses (vertical, horizontal fluid flow or thermal conductiv-
ity). The best model is not necessarily the only way to explain Year

the f)bservgtlons: for instance, we |ntgrpret t_he Fempelratur%ig_ 10. Comparison of the ground surface temperature from bore-
profiles at sites 1050 and 1014 by vertical fluid circulations, holes data in West Africa. Upper part: temperature offset from the
but they could also be explained by the presence of low thertinear gradient; lower part: ground surface temperature history. Data
mal conductivity rocks~1 W m~1 K1, from Huang et al(2000 at sites Ne-K6b and Donkolo have been
The reference surface temperature inferred from the borereinterpreted with the same procedure as other boreholes.
holes is 29.G: 0.3°C, which gives a GST of 2898C in 1940.
This is only 0.3C more than the SAT recorded at Tamba-
counda. As this meteorological station is more than 100km We have also processed the temperature measurements ac-
away, it is, however, difficult to assess that GST and SAT arequired in March 1983 in two boreholes in MaBiigaud
almost equal in this region and it could be only fortuitous. et al, 1985. The upper part of the temperature profiles show
a gradient inversion similar to that observed at Saraya. The
8.2 Past surface temperature history in West Africa GST history, obtained by SVD inversion with the same pa-
rameter values, leads to the same previous conclusions: there
The recent increase of GST observed at Saraya ha no major change of the surface temperature before the mid-
not been described before. The only other data pubiwentieth century, but a major increase after. The Sahel and
lished in this part of Africa have been obtained in Niger the Sahara regions are considered in the projection of IPCC
by Chapman and Pollack1974 and the GST history (Christensen et al2007 as the most vulnerable to the tem-
available on lineffttp://www.ncdc.noaa.gov/paleo/borehole/ perature increase (3.52€ at the end of the century), and
reconstruction/ne-k6b.htmaind http://www.ncdc.noaa.gov/ the rapid change in the mid-twentieth century inferred from
paleo/borehole/reconstruction/ne-donkolo4.hthas been  boreholes suggests that this scenario could be underestimated
analysed byHuang et al(2000. The temperatures in these anyway.
boreholes have been recorded in 1972 only from the depth
of 50 m (Donkolo) and 80 m (Kourki K6B). Therefore, the 8.3 Heat-flow and thermal regime of the WAC
GST does not catch the increase of temperature in the mid-
twentieth century (Figl0), but the trend before is not very The heat-flow at Saraya is low (312 mW m~2), confirming
different from that obtained at Saraya. the previous measurements (88 mW m~2) in the southern
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domain of the West African Craton (Leo Rise) and extendingtend the surface temperature history in the past before the
the areal distribution of these low values. Such low valuesinstrumental record. The temperature increase from 1700 to
are only observed in Archean cratons and associated witl1940 was, however, much less important (@C4, which sug-

low radiogenic heat-production in the crust: for instance, gests that the dramatic change in the mid-twentieth century
the heat-flow at Voisey bay in Canadilqreschal et al. s likely related to the global warming that appears stronger
2000 is 22mW n12, but the heat-production is only 0.4— in this part of Africa.

0.7 uW nT3, which is consistent with a mantle heat-flow of
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