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Study on the cooling history of Pliocene basalt columns in Kanchanaburi, Thailand

Abstract: [Objective] Columnar joints in basalt are typical structures formed during magmatic cooling and contraction.
However, their formation mechanisms, internal structural characteristics, and cooling histories remain debated. This study
aims to constrain the internal structures and cooling histories of large-diameter basalt columns through integrated rock
magnetic and paleomagnetic analyses. [Methods] Detailed rock magnetic and paleomagnetic analyses were conducted on
49 oriented samples collected from two Pliocene basalt columns, each reaching up to 1.5 m in diameter, in the Bo Phloi
section, Kanchanaburi, Thailand. Rock magnetic experiments included hysteresis-loop measurements, isothermal remanent
magnetization (IRM) acquisition, first-order reversal curve (FORC) analysis, anisotropy of magnetic susceptibility (AMS)
measurements, and temperature-dependent magnetic susceptibility measurements. Stepwise thermal demagnetization was
performed to isolate stable components of remanent magnetization. [Results] Hysteresis loops and IRM acquisition curves
indicate that the magnetic assemblage is dominated by pseudo-single-domain (PSD) titanomagnetite grains, with magnetic
saturation reached at fields below approximately 300 mT. The two-stage increase in IRM acquisition with increasing field
suggests contributions from magnetic components with different coercivities. FORC diagrams further support the
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predominance of PSD magnetic grains and reveal systematic differences between the margins and interiors of the basalt
columns. For both basalt columns, AMS results show sub-vertical minimum susceptibility axes (K;) and sub-horizontal
maximum (K,) and intermediate (K,) axes, with generally low degrees of magnetic anisotropy (P; < 1.05). These AMS
fabrics indicate a primary near-horizontal magma-flow fabric during emplacement, but provide no evidence for vertical
melt migration or internal convection. AMS parameters also reveal systematic spatial variations. Samples from the column
margins exhibit lower magnetic susceptibilities (), lineation (L), and anisotropy degree (P;) values and are predominantly
characterized by oblate fabrics (7> 0), whereas interior samples show higher y, L, and P, values and predominantly prolate
fabrics (T < 0). These differences reflect contrasting cooling conditions between the margins and interiors of the basalt
columns. The margins cooled more rapidly, leaving less time for magnetic minerals to crystallize, grow, and develop
preferred orientations. In contrast, the interiors cooled more slowly and likely remained at elevated temperatures in a plastic
or partially molten state for longer periods, allowing magnetic minerals to crystallize, become concentrated, and develop
preferred orientations under thermal contraction stresses. Paleomagnetic results indicate that stepwise thermal
demagnetization isolates a stable, single-component remanent magnetization carried by PSD titanomagnetite. Six marginal
samples from basalt column A exhibit relatively scattered virtual geomagnetic pole (VGP) distributions and anomalous
directions, whereas the remaining 43 samples show relatively clustered VGPs after tilt correction. Systematic variations in
remanent magnetization directions and VGPs indicate that cooling did not proceed symmetrically or uniformly from the
column margins toward the cores. Instead, the columns appear to have undergone an asymmetric, unidirectional regional
cooling process, possibly influenced by a localized heat source. [Conclusions] Integrated rock magnetic and
paleomagnetic analyses lead to the following conclusions: (1) The basalt columns in Kanchanaburi are dominated by PSD
titanomagnetite. Their AMS fabrics, characterized by subvertical K; axes and subhorizontal K, and K, axes, record a
primary near-horizontal magma flow during emplacement. (2) The column margins cooled more rapidly, resulting in finer
magnetic grains, lower magnetic anisotropy, and predominantly oblate fabrics, whereas the interiors cooled more slowly,
allowing magnetic minerals to crystallize, grow, and develop stronger preferred orientations, resulting in higher anisotropy
and predominantly prolate fabrics. (3) Systematic variations in paleomagnetic directions and VGPs among the 49 samples
indicate that post-jointing cooling was neither uniform nor symmetric but instead proceeded asymmetrically and
unidirectionally across the basalt columns. [Significance] These findings contribute to a better understanding of the
cooling processes of basaltic lava and provide new insights into long-term variations in the geomagnetic field.

Keywords: columnar joints in basalt; paleomagnetism; rock magnetism; cooling history
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Fig. 1 Distribution of Neogene—Quaternary volcanic rocks in the Indochina Block and columnar basalts at the Bo Phloi section, Kanchanaburi

Province, Thailand

(a) Distribution of Neogene—Quaternary volcanic rocks in the Indochina Block; (b) Geological map of the sampling area; (c) Columnar basalts

exposed at the Bo Phloi section, Kanchanaburi, Thailand
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Fig.2 Schematic diagram of sampling sites on basalt columns in the Bo Phloi section, Kanchanaburi

(a) Basalt columns A and B in the Bo Phloi section; (b) Schematic illustration of sample collection

A5 % 24 AF 5T 09 ZE Al (Dunlop, 19955 H 1 F XS ik,
Je, 2007) o R FE KRR N FB G 2 M R 2
B] A5 LR AE, Xt 49 BFE 5 IF R T RN 1Y) 2 A R F S
5. BT SR LR F R R S TR 2R B
A S 5 5T A

FEN RN 202 A8 v, R [RGB 0 0 A R AL
RO IR AR AT R IR R RRIE . PR, AR Ab -
T BE MR (=T W LA Bl iR 500 P 4 0 10 o 24 e
WA EE . TESNMBE A MPE T, #EYED™ ) W G 2
P A N 1 A 23 & A — e AR Ak, [RGRT S B R
Iea] £ 11 25 T T w25 A5 il 28 K Bz ) R Gl e ) T i
RWHEPET Y05 B o Hordr, — B R th 4 (FORC)
(0 B AT LA R4S Bl S A v URL 1) 1 W
ARAS L B0 T 43 A LA KRG M ORI P M EAE . K
A IBURE i ) 8 27 R AE A B8 5 0 % A R R
FEJE T x-T M4 . HEW 171 2k . FORC & 145 iR 81 % 3K
75 il 2 Ko B 1) 3R i AR AR I B . - Tl R A ) i
F AGICO A 4 Ak 2R (MFK2-FA; #2824 976 Hz)
HEAT 3 W6 101 22 0 5 . FORC 8] 1252 i 7 % 315 ith 2%
Ko S 1) 3R w2 A D 2 4 Micromag VSM 3900 @
B 5 1 52 8, T N A A1 i 3 3 LA £ T

WG R 45 ) S (AMS) 248 5 0 & H 4
Yy AR 7 WA AR (6] 5 1) b i 728 Ak, e ek T i
A BT P UKL 1 T R R B A e S DL B
1Y 28 L HEAR A5 B0 o Kk B 09 G 448 ] DL 48 7 16
I R B R A DL KR JT AR A o 49 Hedr o H
TG R 09 AMS I & f# i AGICO K W B #% 1k AL
(MFK2-FA; #1i %5 976 Hz) #17 .

22 HMIRWEI

S s HEAR B A TRV B G R R BT S
g M5 B, XF 49 B bR e T R RE AL T R T %
A HGR BE S o PR RE S I A b I R 2 B e T
T PEBIE 5 T i b LB S N . FE T A Wy
B2 5, X 49 Bl M BE A & JEAT T 20 28 DL &
A 0GR g 4 AT, R TR R X R A E R E 600°C, H
7 6 T 5 B A K 9K TG (NRM) 58 B 1Y 5% DL R . 52
B4 FH 2G-755 HU A A0 8 5w AN R G
J5 1l

3 L AR

30 ERMFER

T iy 1e] 4 ) 45 S Sk 7R i A A o R i [l 2k 1
7E 300 mT Hij 15 B4R A, A% it Bt /) 4188 /h (<15 mT),
ZRORE R I AE 5~ 10 mT Z 18] 3 sh A8 4k, A%
FE i (24BF58., 24BF59., 24BF60., 24BF70., 24BF81) )
Hromi Jy At 10 mT (& 3) o Br A3 A b i 55 385 780 4 4%
5 R S 1) R it 2k S SRR — B AR AE, Ak
TR S 58 5 A 0~50 mT B, B i 1 Ak 5 5 il 25 A1
0 R 37 5 R 14 T R R0 > A8 G 5 B
it 50 mT )5, MBI 05 250N, B & 0 G TL R
JE Bt o A0 I RG 7 5 B B 1G0T 22 081G, T AE R 2y
300 mT A 24 H1, A i 5 B K87 0 ) AN it 40 mT
(E4) . FF b 09 1% Ak 5 B2 e B AR 1Y S0 i #G 37 o 2
(~300 mT) & ik 210 F1 & DAL & 0 R Ve 1) &
SRR W) o B G SN 37 5 B 0 28 G 0, A



55 4 3] JREME, 4. FEEACERF L i s A i A T 985
T 0.8 T 104 T 0.8 T 0
£ %% uBr36 2 107 4mr30 5 1 24BF43 2 087, 4BF46
g 041 £ 051 £ 041 S 04
=0 = 0 = 0 = 0
= j i 1 i 1 = 1
s} —0.4 i} —O.Sj &8 —0.4 1 o *0.4j
= 0.8 B=19mT | = -1.04 B=7.6mT | = _gg] B=68mT | <=-0.8 B=8.4mT
:l@ T @ T T T T g . T T T T @ T T T T
400 200 0 200 400 —400 =200 0 200 400 —400 =200 0 200 400 —400 —200 0 200 400
8 % /mT W35 /mT W35 B /mT WA % /mT
< N < i o 1.04 o K
2 199 4BRa9 2 107 4pps2 2 199 54ppss 2 1292461
g 054 £ 0.5 £ 0.5 2 0.6
=0 = o = o = 0
= ] w V] X ] = U]
% —O.Sjj ‘g‘lﬁ _O'Sj Jﬂ%li —0.5 % *0.6j
= —1.0- B=6.0 mT = ~1.04 B=5.8mT = 104 B,=6.3 mT = -1.2- B=5.7mT
:!ﬁ g T T T T ;g T T L :{E T T T T
400 200 0 200 400 ~400 —200 0 200 400 —400 —200 0 200 400 ~400 —200 0 200 400
W358 )% /mT W55 )% /mT W35 /mT W /mT
E 084 T o121 T 107 T 08
124BF62 1 24BF 1 24BF 1 24BF72
T 4] < (6] BFO T 0s5] 2O T 04]PF7
2 0 2 07 TR 2 0
& 0.4 2 0.6 3 —0.5 = 0.4
g-@g_ _Bi=6.7 mT %—12- B=6.1 mT ggﬁo_ _B=7.5 mT %_08; B=6.3mT
P T T P . 3 . T T T T
400 200 0 200 400 400 200 0 200 400 400 200 0 200 400 ~400 —200 0 200 400
58 & /mT T3 /m T T8 & /mT WES 8 & /mT
E 104 E 10 E 104 E o6l
g 197, 4BF75 g 124BF78 g 197 4Brs2 5 067 24prss
e 0.5 T 05 E 0.5 T 03]
=R N ® 0 U
= 0.5 0.5 a 0.5 = 0.3
= —104 "B,=6.6 mT =2 0 “B=6.1 mT = 1.0 “B=4.9 mT = —0.6 B=9.5mT
400 200 0 200 400 = 400 200 0 200 400 = 400 200 0 200 400 = —400 200 0 200 400
R B /mT W37 5% % /mT W358 B /m T W58 i /m T

B~
B3 ZREARKMEH RN E L
Fig. 3 Hysteresis loops of representative samples from basalt columns

B—coercivity

st B bR 2 18 385 2o R e R s R [ A 2 A B
Bt (0~50 mT M1 50~300 mT), % % B K& & b al fig
fﬁﬁﬁﬁ%ﬁﬁ%%@%ﬁﬁnoé%M%ﬁ
0~50 mT B, % 70 3 AH XIS 0 R 1 50K X 10 37 1) A%
A B 1 T IO 2 A g8 ik 50 mT LAJE, B )
AEXT 5 0 B T UKL 1) T R 2 T N5 . FORC K 4 7R
TR R REWEAR S, RAK R, T A RS R
i A () {5 PR (PSD) J0RE R AE , B P BB 45 £k 1]
AL ANREEL M AT O (- S, B’ 6) . SR, A
] 4 & i) FORC [&] 22 [B] £ ££ — 28 n] DLW %€ 5] (1) 2
S, H5 R T AN [R)AE i T] O R A 1 A Ak, 3XAT
FE TR RF R A b P 5 0T R0 AT K e A e e
IR A E B 22 S, 5 R i ] 2 R0 S I R A AR AT i £k
N ol 3R 1 i e i 25 R —

JIT AR A G b R B 2R (=T R AIE 56
AHAL, e R R b, A S ARG T3 AR 24 200 °C
FF R B K, JF T 600 C BTFF E 838 T 0 C(E 7),

K2 BOME 5 0 e B BE 4R TR AE £ 220~330 C 2
] o R il AR T il 2 AN 58 2 TG, R W AR A
AR RET WEE T A, A LR AR
A, MR L RS SY R E R W PSD gk
BRURL . DRE AR 2% B s, A A TS 0 B0
W 3l A8 Ak (1] 8a., 8b) il 1T 6B IR F 4 & P4 /=1 5 il g Al
VI 0 3 s e OB P YR G LU A 25 S 5 R L L L
TE K2 220~330 °C Z ] i1 20 48 fk (1€ 8c., 8d), 7l fig
RS | BUN T R N 0 s A o A A R
b o L5 MU I 2k . A5 I R R AR A5 1 2 B B 1l R
M4k . FORC [ LA S p- THT Y 23 BT 45 21, KA A
A PR 2 P BT 0 5 ) AR AR AT RE SZ AR T RE R OR
Ivi) S5 0 3 s P R TR A BB 22 S o R R
1) 5 g 2% e AR AT RE K G R Y B 43 BORE 2 T
S

AMS 25 IR, LA (A FB) A a9 1 4k
AR /N (K, ) AE X B v, A0 A 1) 80 N7, T G A



¥R 55 54 https://journal.geomech.ac.cn

2026

986
1.0+ _pereoesee0-0-0 1.0
B 0.8 E 0.8
3 061 24BF36 S 061 24BF39
& 0.4+ = 0.4
7\3 021 B246mT ?—] 023 B,~279mT
o 02— O 02—
0 200 400 600 0 200 400 600
W35 % /mT 143758 % /mT

24BF49

24BF52

B,=21.3mT B,=20.5 mT

A — AL R A B
(=3
il

VA — A
(=]

L S — T T
0 200 400 600 0 200 400 600

Tk 3% 38 /mT T3 58 B /m T
Y g HH
S 24BF62 S 24BF65
< =
~ ~
T T B,=212mT
o ‘ ‘ iy ‘ ‘

0 200 400 600 0 200 400 600

W358 B /m T T3 38 B /mT

% % cceoees
= 0.8 =08
5 o6 24BF75 5 06 24BF78
# 04 & 04
51—] 029 B,~249mT ?—9 0290 B.=20.1mT
o 02— o o2l
0 200 400 600 0 200 400 600
Tk 3% 98 % /mT 143558 % /mT

BTl 55 781 )

24BF46

24BF43

B,=23.9mT B,=27.7mT

VA — (LA B
(=]

A (LA B
(=]

024
0 200 400 600 0
T3 8% /mT

200 400 600
W37 /mT

i oeeooooeo 1.0
% 24BF55 B 084 24BF61
= = 0.6

T T 0294 B —175mT
o o

02—
0 200 400 600
W37 5% % /mT

T T T T
0 200 400 600
W358 B2 /mT

24BF69 24BF72

B,=23.7mT

H— At At i
(=]

H— At v i
(=]

0 3 07
—0.2 1 —0.24
0 200 400 600 0 200 400 600
Wi3m 8 % /mT W37 58 % /mT
# 1.0 1.0
= 0.8] = 0.8]
5 o6 24BF82 5 06 24BFS85
& 04 B 04
ﬁ—g 0-(2) | B,=163mT ?—9 0-%? B.~34.4 mT
o 021 o 0.2

0 200 400 600
T37 58 )5 /m T

0 200 400 600
T37 5% /5% /m T

A4 ZREERKEHFR N TR R ERE & RO R &
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Fig. 5 First-order reversal curve (FORC) diagrams of samples from basalt column A

(a) FORC diagrams for eight samples from the western side of basalt column A; (b) FORC diagrams for eight samples from the central part of
basalt column A; (c) FORC diagrams for eight samples from the eastern side of basalt column A

The color scale represents the numerical magnitude of the FORC distribution function; B—coercivity; B,—magnetic interaction field
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(a) Magnetic susceptibility ellipsoid parameters for samples of basalt column A; (b) Magnetic susceptibility ellipsoid parameters for samples of

basalt column B
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Table 1 Characteristic remanent magnetization (ChRM) directions of samples from basalt columns A and B
s R R OV O grs s /o) e DA 1) Mapie)

T AHEA
24BF36 14.33 99.52 181.9/21.6 T250-T600 12 50.4 342 65.9 46.4 33
24BF37 14.33 99.52 181.9/21.6 T220-T600 14 53.1 373 70.7 483 1.4
24BF38 14.33 99.52 181.9/21.6 T180-T600 17 47.4 38.4 65.1 512 1.5
24BF39 14.33 99.52 181.9/21.6 T190-T600 15 38.5 54.2 70.3 68.0 1.6
24BF40 14.33 99.52 181.9/21.6 T350-T600 10 23.7 21.4 29.2 41.1 49
24BF41 14.33 99.52 181.9/21.6 T250-T600 12 24.7 13.5 28.7 332 33
24BF42 14.33 99.52 181.9/21.6 T300-T600 11 72 9.7 8.0 30.5 3.1
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P R R SOV O gors s Dy e DA 1) Mapie)

24BF43 14.33 99.52 181.9/21.6 T250-T600 12 17.3 10.7 19.7 314 35
24BF44 1433 99.52 181.9/21.6 T250-T600 12 16.5 16.1 19.5 36.9 22
24BF45 14.33 99.52 181.9/21.6 T210-T600 14 10.1 9.5 113 30.9 3.2
24BF46 14.33 99.52 181.9/21.6 T190-T600 16 12.9 11.0 147 32.1 1.9
24BF47 1433 99.52 181.9/21.6 T250-T600 12 10.3 7.4 114 28.7 2.0
24BF48 14.33 99.52 181.9/21.6 T200-T600 15 11.3 8.0 12.6 293 2.0
24BF49 14.33 99.52 181.9/21.6 T210-T600 14 152 8.7 17.1 29.7 1.8
24BF50 1433 99.52 181.9/21.6 T250-T600 12 16.1 0.4 172 213 2.4
24BF51 14.33 99.52 181.9/21.6 T250-T600 12 13.8 4.4 15.1 25.5 35
24BF52 14.33 99.52 181.9/21.6 T250-T600 12 9.1 0.2 9.6 212 22
24BF53 1433 99.52 181.9/21.6 T250-T600 12 12.5 22 13.5 234 3.0
24BF54 14.33 99.52 181.9/21.6 T300-T600 11 10.8 1.1 115 22.4 43
24BF55 14.33 99.52 181.9/21.6 T220-T600 13 16.6 8.3 18.6 29.1 1.7
24BF56 1433 99.52 181.9/21.6 T350-T600 10 13.9 37 145 17.4 6.4
24BF57 14.33 99.52 181.9/21.6 T250-T600 12 6.1 7.8 6.7 293 1.6
24BF59 14.33 99.52 181.9/21.6 T170-T600 18 354.4 5.8 353.5 272 2.4
24BF60 1433 99.52 181.9/21.6 T220-T600 13 5.4 11.7 6.0 333 25
24BF61 14.33 99.52 181.9/21.6 T200-T600 15 358.9 11.3 358.4 32.9 2.7
Z il A AEA(24BF 42-61) g T-¥77 1) 25 16.1 13.7 18.7 34.1 7.0
Py waysa:

24BF62 14.33 99.52 232.9/20.2 T250-T600 12 15.2 8.9 113 24.8 2.0
24BF63 14.33 99.52 232.9/20.2 T180-T600 17 10.6 10.3 6.1 25.0 1.5
24BF64 1433 99.52 232.9/20.2 T210-T600 14 15.5 10.6 112 26.5 1.9
24BF65 14.33 99.52 232.9/20.2 T200-T600 15 11.0 9.2 6.8 24.1 23
24BF66 14.33 99.52 232.9/20.2 T300-T600 11 11.7 7.0 8.2 22.1 4.0
24BF67 1433 99.52 232.9/20.2 T350-T600 10 16.0 12 145 15.1 3.0
24BF68 14.33 99.52 232.9/20.2 T190-T600 16 11.8 12.3 6.8 273 3.0
24BF69 14.33 99.52 232.9/20.2 T400-T600 9 7.6 8.4 35 22.4 3.0
24BF70 1433 99.52 232.9/20.2 T350-T600 10 8.2 25 7.0 12.0 42
24BF71 14.33 99.52 232.9/20.2 T250-T600 12 7.8 11.7 2.8 25.7 2.8
24BF72 14.33 99.52 232.9/20.2 T250-T600 12 10.5 5.6 73 20.4 3.0
24BF73 1433 99.52 232.9/20.2 T200-T600 15 73 12.7 2.0 26.5 2.1
24BF74 14.33 99.52 232.9/20.2 T250-T600 12 0.9 6.3 357.3 18.6 5.5
24BF75 14.33 99.52 232.9/20.2 T200-T600 15 10.1 13.6 4.6 28.1 1.7
24BF76 1433 99.52 232.9/20.2 T220-T600 13 8.9 115 4.0 25.8 22
24BF77 14.33 99.52 232.9/20.2 T200-T600 15 2.9 10.2 3582 22.9 2.1
24BF78 14.33 99.52 232.9/20.2 T250-T600 12 6.5 4.9 3.4 18.8 1.8
24BF79 1433 99.52 232.9/20.2 T220-T600 13 8.5 8.1 45 224 1.9
24BF80 14.33 99.52 232.9/20.2 T250-T600 12 0.7 6.8 357.0 19.0 2.1
24BF81 14.33 99.52 232.9/20.2 T250-T600 12 6.1 14.1 0.3 275 2.7
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