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Abstract: [Objective] As an essential component of the East Asian continental margin, the southeastern coastal region of
China records a complex history of regional tectonics, magmatism, and geomorphological features associated with the
subduction of the Paleo-Pacific/Pacific Plate. This region serves as an ideal window for studying ocean—continent
interactions related to subduction zones. During the Cretaceous period, influenced by the rollback of the Paleo-Pacific
Plate, a giant rhyolitic volcanic belt approximately 1200 km in length developed along the southeastern coast of China.
Among the provinces in this region, Zhejiang hosts the largest preserved area of rhyolitic volcanic rocks and retains the
most well-preserved volcanic structures. Previous studies have extensively investigated the geochronology, petrology,
geochemistry, and metallogenesis of these rhyolitic volcanic rocks; however, their uplift and cooling history has been
largely overlooked. [Methods] This study conducted apatite fission track dating and HeFTy thermal history modeling on
the central facies intrusive rocks (quartz syenite, syenite and monzonite) of the calderas in the Yandang Mountain and
Shenxianju areas. [Results] All the apatite fission track dates from the Yandang Mountain and Shenxianju areas show chi-
squared probability P(y?) = 0.05, indicating that the fission track dates of all specimens follow a Poisson distribution and
belong to a single age population. Twenty of the total thirty-two specimens from the Yandang Mountain area yielded
apatite fission track ages (pooled age and central age) between 40 Ma and 31 Ma, seven of the thirty-two specimens gave
apatite fission track ages between 50 Ma to 41 Ma, with only five of the thirty-two specimens yielding apatite fission track
ages ranging from 61 Ma to 51 Ma. For the Shenxianju area, the apatite fission track ages are predominantly (sixteen of the
twenty-six specimens) distributed between 40 Ma and 31 Ma, with some specimens (eight of the twenty-six specimens)
showing ages ranging from 50 Ma to 41 Ma and a few of them (two of the twenty-six specimens) yielding ages between 61
Ma and 51 Ma. Furthermore, the single-grain apatite fission track ages of the specimens from both the Yandang Mountain
and Shenxianju areas show a unimodal distribution with a peak at 33 Ma. The mean confined track lengths of the
specimens from the Yandang Mountain area vary between ~11.12 uym and ~14.09 um with unimodal track length
distributions. Specimens from the Shenxianju area yielded mean confined track lengths of ~11.11 to ~14.44 um, also
showing a unimodal track length distribution pattern. The mean D,,, values of specimens from the Yandang Mountain area
range from 0.78 pm to 1.04 um, while those from the Shenxianju area display mean D, values varying from 0.86 pm to
1.12 um. The HeFTy thermal history modeling reveals a rapid exhumation and cooling event occurring from the early-
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Eocene to the earliest Oligocene for both the Yangdang Mountain (48 Ma to 33 Ma) and Shenxianju (52 Ma to 32 Ma)
areas. The cooling rates of this event vary from ca. 8 “C/Myr to 20 C/Myr for Yandang Mountain area and ca. 5 °C/Myr to
16 “C/Myr for Shenxianju area respectively. [Conclusion] Our new apatite fission track dating and HeFTy thermal history
modeling results help identify an exhumation and cooling event in the Yangdang Mountain and Shenxianju areas during the
early-Eocene to the earliest Oligocene epoch. Based on the results of this study and regional tectonic setting analysis, the
early-Eocene to the earliest Oligocene exhumation and cooling event in the study areas is interpreted as being initially
controlled by the subduction of the Izanagi-Pacific Plate ridge and later driven by the combined effects of the India-Eurasia
continental collision and the rollback of the Pacific Plate. [Significance] This study provides important low-temperature
thermal geochronological constraints on the Phanerozoic regional tectonic and geomorphological evolution of southeastern
Zhejiang province.

Keywords: apatite fission track; Yandang Mountain; Shenxianju; Cretaceous volcanic rock ; subduction of Pacific slab;

chronology
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Fig. 1 Sketched tectonic map of southeastern coastal area of China and its adjacent areas (modified after Li et al., 2018)
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Fig. 2

Distribution map of Yanshanian magmatic rocks in Zhejiang Province (The green dashed line represents the Kuocangshan circular

volcanic edifice; The locations of early Yanshanian intrusions in Zhejiang province are marked by red squares.)
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Fig. 3 Sample location maps for apatite fission track analysis in Zhejiang Province

(a) Sample location in the Yandangshan area (Sample BGJO1 to BGJ33 were sampled at equal intervals along the section marked in the figure);

(b) Sample location in the Shenxianju area
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Table 1 Elevation, location and lithology of the samples for apatite fission track analysis

. . FAE R AL B

FEf S B % o At
D L E AR X
BGJ-1, BGJ-2, BGJ-3 28°22'19.2" 121°03'32.0" ARIERE
BGJ-4, BGJ-5, BGJ-6 1072 m 28°22'20.8" 121°03'35" ABIERE
BGJ-7. BGJ-9 1054 m 28°2222.0" 121°03'34.0" AYIERE
BGJ-10, BGJ-11 1034 m 28°22'22.9" 121°03'35.2" ARIERE
BGJ-13, BGJ-14, BGIJ-15 1013 m 28°22'23.4" 121°03'37.5" ATIERE
BGJ-16, BGJ-17 993 m 28°2223.6" 121°03'39.7" AREIERE
BGJ-19, BGJ-20, BGJ-21 972 m 28°22'26.3" 121°03'37.5" ATIERE
BGJ-22, BGJ-24 951 m 28°2225" 121°03'39"” AREIERE
BGJ-25, BGJ-26., BGJ-27 930 m 28°2224.3" 121°03'43.8" ARIERE
BGJ-28, BGJ-29, BGJ-30 909 m 28°2225.2" 121°03'44.0" AREIERE
BGJ-32. BGJ-33 888 m 28°22"26.1" 121°03'44.9" ATEERE
BGJ-36 867 m 28°22'18.2" 121°03'47.1" ARIERE
BGJ-40, BGJ-41, BGJ-42 831 m 28°22'10.6" 121°03'49.7" ATEERE
AANEIRAT X
DZ-1, DZ-2, DZ-3 252m 28°34'44" 120°35'16" AL A
DZ-4, DZ-5. DZ-6 272m 28°34'38" 120°35"28" YIRLIE A
DZ-7. DZ-8. DZ-9 288 m 28°34'34" 120°36'10" AL IE R
DZ-10, DZ-11, DZ-12 290 m 28°34'33" 120°36'12" AR A
DZ-13., DZ-14, DZ-15 257 m 28°34'37" 120°35'32" AL IE R
DZ-17 290 m 28°33'47" 120°35"25" YIRLIE A
DZ-21 329m 28°33728" 120°35"25" YIRLIE
DZ-22. DZ-23, DZ-24 346 m 28°33"23" 120°35"28" YR A
DZ-25, DZ-26. DZ-27 460 m 28°32'55" 120°35'28" AL IE R
DZ-29. DZ-30 481 m 28°32'51" 120°35"28" YR A
DZ-31 522m 28°32/35" 120°35727" YRR

Tl AR (A A5 R B, 2 GOF KT 50% I, A 44
AL SR ZE R B A —E LB B %, P s
JEE 5 U 1 0= T A i ] BE AR SR iy ) IR A B2

3 BAKARETAEDEHREEIULR

30 BRARTEBMXER

X 4 ERRE A (58 440 ) AT T B K A1 AR AR Sy
B AR, HARMK S S UL 3R 2, B FE 5o A 1 8 K
A R AE 20 2 27 A2 0A] .

JHE 3 1L B 2 ML DX B4 32 14 i G 8 K A B4 AR
RIS B T 2 K g (P(P) = 0.05), FER T A
i 0 i R A 24 A8 A 0 AF 0 24 e DT AR 43 A, &8 T
B —4E % 2 43 (Galbraith, 1981) , P I 1 Y BF 5% 41 1)
HAE#A (Sobel etal., 2006) 5 HULAE#S (Vermeesch, 2018)

P H AT Ros o Horh R 280k i (62.5%, 20 1) 1)
AR 7 A5 T 40 ~ 31 Ma, 74 (21.9%) ¥ & (BGI-9,
BGJ-10. BGJ-11, BGJ-17, BGJ-28, BGJ-30, BGJ-40)
B AF W4 43 A T 50~ 41 Ma, 2 5 14 (15.6%) ¥ & (BGJ-
1, BGJ-4, BGJ-5. BGJ-16, BGJ-22) H4E# M T 61 ~
51 Ma, % Hb DX BT SR B A R i 1 7 X B P AR 5 G
JEZ) S 11,12 ~ 14.50 pm, V-3 D, fH 534 F 0.78 ~
1.04 um( % 2) .

PR R AT M X1 26 144 5 1Y) Bl K A0 B4 AR AR
AR W R A T 2 K5 (P(P) = 0.05), FE/R H
B AR . o 61.5% BYRE S (16 18 ) Y 4F 1
534 F 40 ~ 31 Ma, 8 14 (30.8%) £ i (DZ-1, DZ-3,
DZ-9. DZ-14, DZ-22. DZ-23. DZ-24) ({54 23 43 T
50 ~ 41 Ma, 1% 2 14 (7.7%) ¥£ & (DZ-11, DZ-25) [ 4E
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Table 2 Results of the apatite fission track test
Bedb BRI p/(x10%em®) (V) pf (x10%em™) (V) pg/(x10%em™) (Ny) ({ﬁ;;f%/ FULAERR Ma  P(P)/ % (ufﬁ{;fi M D,/ um
DZ-1 20 0.397 (78) 0.560 (110) 50.249 (1004) 485+8.7 48.5+8.5 98  13.72+0.59(5)  1.10
DZ-2 23 0.469 (106) 1.022 (231) 50.520 (1017) 31.6+4.9 31.6+48 >99 / 0.97
DZ-3 20 0.285 (56) 0.417 (82) 50.792 (1029) 472+9.4 472+9.4 >99  12.63+0.83(3)  1.02
DZ-4 24 0.335 (79) 0.742 (175) 51.063 (1041) 314+53 314+52 >99 / 1.00
DZ-5 21 0.300 (62) 0.664 (137) 51.334 (1054) 31.6+5.8 31.6+5.7 >99  13.80+0.61(3)  1.03
DZ-6 21 0.528 (109) 1.226 (253) 51.605 (1066) 303+4.6 303+4.5 >99  13.02+0.96(6)  1.04
DZ-7 22 0.638 (138) 1.221 (264) 51.877 (1078) 36.9+5.4 36.9+52 99 12.69+093(3)  0.98
DZ-8 20 0.336 (66) 0.651 (128) 52.148 (1091) 36.6+6.6 36.6 % 6.6 >99  12.63+0.95(6)  1.06
DZ-9 20 0.290 (57) 0.509 (100) 52.419 (1103) 40.7+7.9 40.7+7.8 >99  13.05+0.50(1)  1.02
DZ-10 25 0.354 (87) 0.798 (196) 52.690 (1115) 31.8+5.2 31.8+5.1 >99  12.86+0.72(1)  1.00
DZ-11 24 0.343 (81) 0.407 (96) 52.962 (1128) 60.7+11.0  61.0+11.0 >99 / 0.99
DZ-12 24 0.428 (101) 0.788 (186) 53.233 (1140) 393+6.2 393+6.1 >99  1444+086(2)  1.05
DZ-13 21 0.339 (70) 0.659 (136) 53.504 (1152) 37.5+6.7 375+6.6 >99  13.09+126(4)  1.05
DZ-14 20 0.594 (53) 1.054 (94) 53.775 (1165) 413+82 41.0+8.1 >99  13.00+£1.11(3)  1.00
DZ-15 20 0.341 (47) 0.754 (104) 54.047 (1177) 333+6.7 34.0+7.0 >99 / 1.00
DZ-17 20 0.674 (54) 1.423 (114) 54.589 (1202) 352+6.38 352+6.7 >99  1294+0.16(2)  0.86
DZ-21 20 0.462 (52) 0.932 (105) 55.674 (1251) 375+74 375+73 >99  13.54+0.18(2)  0.90
DZ-22 21 0.750 (43) 1.204 (69) 55.945 (1263) 474+103  47.0+10.0 >99 / 0.90
DZ-23 20 0.602 (43) 1.049 (75) 56.216 (1276) 43.8+9.4 43.8+9.4 >99 / 1.06
DZ-24 22 0.619 (43) 1.137 (79) 56.488 (1288) 41.8+89 41.8+8.9 99 / 1.04
DZ-25 20 0.638 (42) 0.941 (62) 56.759 (1300) 523+11.7  52.0+12.0 >99  12.11£0.67(6)  1.12
DZ-26 23 0.577 (55) 1.029 (98) 57.030 (1312) 435+85 435+84 >99 / 0.99
DZ-27 20 0.447 (54) 0.820 (99) 7.085 (5668) 36.2+6.7 36.2+6.7 >99 / 0.91
DZ-29 20 0.488 (53) 0.911 (99) 7.204 (5763) 362+6.7 36.2+6.7 >99 / 1.00
DZ-30 21 0.710 (40) 1.243 (70) 7.264 (5811) 389+83 389+82 >99  12.77+0.88(4)  0.96
DZ-31 20 0.654 (46) 1.236 (87) 7.324 (5859) 363+7.2 363+7.1 >99 / 1.02
BGJ-1 27 1316 (127) 1.533 (148) 7.503 (6003) 60.2+8.6 61.0+9.0 41 1323+0.62(2)  0.98
BGJ-2 20 1.078 (123) 2.007 (229) 7.563 (6050) 38.1+5.1 38.1+5.1 >99  1323+1.96(3)  1.04
BGJ-3 20 1.123 (122) 2.016 (219) 7.623 (6098) 39.8+54 39.8+5.4 >99  12.66+0.95(1)  1.04
BGJ-4 21 0.784 (45) 1.115 (64) 7.682 (6145) 50.6+10.6  51.0+11.0 97 / 0.93
BGJ-5 20 0.901 (63) 1.087 (76) 7.742 (6193) 60.0+11.2  60.0+11.0 >99  12.63+1.62(6)  0.98
BGJ-6 20 0.908 (55) 1.850 (112) 7.802 (6242) 359+6.5 359465 >99  1236+045(3)  0.92
BGJ-7 21 0.649 (53) 1.347 (110) 7.862 (6289) 355+6.5 355+6.5 >99  1226+0.01(2)  0.97
BGJ-9 20 0.538 (43) 0.938 (75) 7.981 (6385) 429+8.8 429+8.8 >99  1250+030(3)  0.92
BGJ-10 21 0.671 (40) 1.192 (71) 8.041 (6433) 424+90 42.1+9.1 >99 / 0.98
BGJ-11 20 0.675 (43) 1.130 (72) 8.101 (6481) 453+9.4 453+9.4 >99 / 1.00
BGIJ-13 22 0.656 (58) 1.358 (120) 8.220 (6576) 372+6.6 372+66 >99 / 1.00
BGJ-14 25 0.760 (83) 1.850 (202) 8.280 (6624) 31.9+4.38 31.9+48 89  14.09+1.08(4)  1.03
BGJ-15 20 0.674 (54) 1.435 (115) 8.340 (6672) 36.7+6.7 36.7+ 6.6 >99 / 0.94
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SR RS p/ (x10%em™) (N p/ (x105em?) (N)  pg/(x10%cm2) (Ny) Mﬁaﬂ@/ FULERY Ma PO/ % (ufj‘ﬂ;ifz v Dyo/ um
BGJ-16 20 0.963 (41) 1.410 (60) 8.399 (6720) 53.7+11.6  54.0+12.0 >99 / 0.88
BGI-17 23 0.586 (60) 1.075 (110) 8.459 (6767) 432+77 432+7.6 >99 / 0.92
BGI-19 21 0.961 (90) 1.569 (147) 0.159 (794) 393+6.5 39.4+ 6.4 93 1275+043(1)  0.90
BGJ-20 22 0.710 (63) 1.183 (105) 0.159 (797) 387+72 39.0£7.0 >99 / 0.91
BGI-21 21 0.748 (52) 1.439 (100) 0.160 (801) 33.7+6.6 33.7+6.5 >99  13.10£0.05(1)  0.90
BGIJ-22 20 0.804 (43) 0.935 (50) 0.161 (804) 55.8+12.8  56.0+13.0 >99  1450+053(2)  0.78
BGJ-24 24 0.715 (77) 1374 (148) 0.162 (810) 341458 34.1+5.7 99  11.12+024(3) 096
BGI-25 20 0.807 (61) 1.720 (130) 0.163 (814) 30.9+5.6 30.9+5.5 99 / 0.92
BGI-26 20 0.705 (50) 1.467 (104) 0.163 (817) 31.8+6.3 31.7+6.1 >99 / 0.96
BGJ-27 20 0.666 (68) 1.264 (129) 0.164 (820) 35.0£6.2 35.0£6.1 >99  13.14+1.05(1)  0.90
BGI-28 20 0.778 (38) 1.269 (62) 0.165 (823) 408+93 40.9+9.2 >99 / 0.86
BGJ-29 24 0.717 (86) 1.425 (171) 0.165 (826) 33.6+5.5 33.6+53 >99  1239+036(2)  0.80
BGJ-30 21 0.652 (53) 1.021 (83) 0.166 (830) 428+86 429+84 >99  13.05+031(4) 082
BGI-32 21 0.716 (43) 1.215 (73) 0.167 (836) 39.8+8.5 39.8+ 8.4 >99  1243+052(1) 095
BGI-33 20 0.710 (47) 1.330 (88) 0.168 (839) 362+7.4 363+73 >99  11.99+088(1)  0.93
BGJ-36 22 0.581 (54) 1.087 (101) 0.170 (849) 36.7+7.1 37.0£7.0 99 1250+ 1.12(4) 092
BGI-40 20 0.992 (43) 1.661 (72) 0.172 (862) 41.6+89 415+8.8 >99 / 0.90
BGJ-41 22 0.765 (86) 1.744 (196) 0.173 (865) 30.7+4.9 30.7+4.8 >99  1404+045(1) 084
BGI-42 22 0.564 (74) 1.189 (156) 0.174 (868) 333+5.7 33.3+56 >99 / 0.90
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Fig. 4 Histograms and probability density curves of single grain apatite fission track ages from the volcanic areas in southeastern Zhejiang (» is

the number of analyzed apatite grains)

(a) Histogram and probability density curve of single-grain apatite fission track ages from the Yandang Mountain area; (b) Histogram and

probability density curve of single-grain apatite fission track ages from the Shenxianju area
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Fig. 5 Best-fit thermal history curves for samples from Yandang Mountain and Shenxianju area generated in HeFTy (Ketcham et al., 2007)

based on apatite fission track data

Solid blue lines represent the best-fit models of each specimen; solid pink lines show the "good" thermal history paths (GOF>0.5); grey dash-

lines represent minor best-fit models deviate from the major group; L is the weighted mean length of the apatite fission tracks, » is the number of

analyzed apatite fission tracks.
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Fig. 6 Schematic block diagram showing the tectonic model of the southeastern coastal region of China and adjacent areas during the Early

Eocene—Earliest Oligocene (modified after Tian et al., 2025)

(a) Early Eocene — Middle Eocene; (b) Late Eocene — Earliest Oligocene
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