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Abstract
Geo- and thermochronological methods were applied to diorites from the Cordillera Central, Luzon, Philippines to understand their emplacement and exhumation history in the island arc mountains. Five zircon U–Pb ages range from 32.54 ± 0.70 to 6.11 ± 0.15 (2SE) Ma, indicating that dioritic magmas intruded the upper crust intermittently during Cenozoic magmatism. Five zircon fission-track (ZFT) pooled ages range from 35.63 ± 2.17 to 6.91 ± 0.36 (2SE) Ma and are generally comparable with the U–Pb ages at each locality. These results suggest that the diorites cooled rapidly below ~ 250–350 °C (i.e., through the partial annealing zone of the ZFT system), following their intrusion. On the other hand, two zircon and five apatite U-Th(-Sm)/He (ZHe and AHe) weighted mean ages, ranging from 11.71 ± 0.36 to 8.82 ± 0.26 and 9.21 ± 0.52 to 0.98 ± 0.09 (2SE) Ma, respectively, indicate a decrease in cooling rates at a lower temperature range, especially through the partial retention zone of the AHe system. This observation suggests that the ZFT ages reflect initial cooling of the dioritic magma, whereas the AHe ages reflect the cooling history associated with regional exhumation following the initial cooling phase. The spatial distribution of the AHe ages suggests that rapid exhumation of the Cordillera Central during the Quaternary resulted from the block-like uplift of the entire mountain range.
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Introduction
Investigating the mechanisms of mountain building in arc–trench systems is considered to be important for a more complete understanding of strain buildup and release in island arc interiors (e.g., Ikeda 1996, 2014). Thermochronological methods are commonly employed to constrain the exhumation rate by elucidating the thermal evolution of rocks and their cooling history. Recent thermochronological studies have shed light on the inelastic strain buildup mechanisms associated with the vertical displacement of island arc mountain ranges on geologic timescales (e.g., Sueoka and Tagami 2019). On the other hand, thermochronological studies in island arc mountain ranges are inconclusive and have been concentrated in a limited number of regions (e.g., Northeastern Japan arc: Sueoka et al. 2017b; Fukuda et al. 2019, 2020, Japan Alps: Yamada and Harayama 1999; Ito and Tanaka 1999; Sueoka et al. 2012, 2017a; Spencer et al. 2019; King et al. 2022). Therefore, it is necessary to apply thermochronology studies to mountainous areas in different island arcs to develop a more comprehensive picture of their evolution.
The Cordillera Central (CC) is a 300-km-long north–south trending mountain range in northern Luzon Island, Philippines (Fig. 1a), which corresponds to a magmatic arc that resulted from subduction along the Manila Trench since the late Oligocene (Fig. 1b; Bellon and Yumul 2000; Queaño et al. 2007). The CC exhibits unique geological features, such as the double subduction of the Philippine Sea plate and the South China Sea plate and large-scale strike-slip faulting (Philippine Fault System) that accommodates the lateral oblique motion of the Philippine Sea plate (Fitch 1972). Nevertheless, modern thermochronological approaches have rarely been applied to the CC. In this study, we report geo- and thermochronological data from diorite samples collected from the CC and briefly discuss its exhumation history. The young zircon U–Pb and fission-track (FT) ages obtained in this study indicate the intermittent intrusion and rapid cooling of dioritic magma since the Oligocene. Young U-Th-(Sm)/He ages indicate high Quaternary exhumation rates for the CC. The dataset presented herein contributes important chronological constraints for elucidating the mechanism of CC formation and evolution, which may be relevant to understanding mountain formation in other island arc settings. Moreover, these geo- and thermochronological data are expected to be essential information for regional geological investigations concerning local or regional fault movement, concurrent tectonic block uplift, and the development of sedimentary basins on Luzon Island.[image: ]
Fig. 1a Geological map of northern Luzon island modified after Geological Survey Division (1963). Stars indicate sample locations for geo- and thermochronological dating. Location of active volcanoes and active faults are based on the PHIVOLCS’s reports (DOST-PHIVOLCS 2020). The digital elevation model AW3D30 was obtained from the ALOS/PRISM, Japan Aerospace Exploration Agency. b Digital elevation model image of the Philippines with the location of Fig. 1a. The digital elevation model (ETOPO2022) was obtained from the NOAA National Centers for Environmental Information. *The youngest single-grain age is given as a reference. This sample was excluded from the cooling history discussion because of the large dispersion of AHe grain ages and absence of a young age group (detailed in the result section in the main text)



Geological background
The geological and tectonic structure of Luzon Island is a product of the eastward subduction of the South China Sea plate along the Manila Trench and the westward subduction of the Philippine Sea plate along the Philippine Trench (Queaño et al. 2007: Fig. 1b). Two active volcanic fronts are recognized in Luzon Island at present, resulting from arc magmatism and volcanism associated with the oppositely dipping subduction zones, and CC is located in the non-volcanic zone between them. Based on the distribution of igneous rocks, the CC is considered to be located on the Oligocene–Miocene volcanic front.
The basement rocks of the CC are composed mainly of Mesozoic meta-volcanic rocks and ophiolites (Ringenbach 1992). Basement rocks are exposed in a limited area, and most of the area is covered by Cenozoic volcanic and sedimentary rocks (Fig. 1a). The Cenozoic sedimentary rocks exposed in the CC include the following formations: Pugo Formation, Malitep Formation, Sagada Formation, Zigzag Formation, Kennon Limestone, Klondyke Formation, Mirador Limestone, Baguio Formation, and Malaya Formation (Aurelio and Peña, 2010). These sedimentary rocks are intruded by Cenozoic diorites and interfingering with Quaternary (or age-unknown) volcanic rocks. Three main generations of dioritic bodies have been recognized in the CC region: the Central Cordillera Diorite Complex (late Oligocene), the Itogon Quartz Diorite (early to middle Miocene), and the Black Mountain Quartz Diorite (late Miocene) (Balce 1980; Yumul 1992; Knittel et al. 1995). K–Ar data indicate that these are mostly cooling ages (Wolfe 1981; Sillitoe and Angeles 1985; Maleterre 1989; Imai 2002). As for zircon U–Pb data, only one site from the Central Cordillera Diorite Complex and some dioritic vein have so far been reported (26.8 ± 0.4 Ma: Encarnacion and Mukasa 1993; 22.3 ± 0.6 Ma and 15.9 ± 0.6 Ma: Jabagat et al. 2020). Geochronological study of these plutonic rocks has been mainly carried out only in the Baguio region in the southern CC (Fig. 1a), and the intrusion age of quartz diorites widely exposed in the CC is still uncertain.
Large-scale left-lateral strike-slip faults traverse the CC. These faults are active segments of the Philippine Fault System, which extends ~ 1250 km from north to south and is the major structure in this area (Fig. 1b). In the CC, the Philippine Fault System has been active since the Middle Miocene to the present (e.g., Ringenbach et al. 1990). Two major segments, the Abra River Fault (ARF) and the Dalton Fault (DF), are recognized in the study area (Fig. 1a), with associated minor branching faults and extensional duplexes (Ringenbach et al. 1990). These faults are interpreted as having been activated as strike-slip and thrust faults under a transpressive regime, whereas previous studies also suggest that the regional stress varied over geologic time (Ringenbach et al. 1990).

Methodology
This study selected Cenozoic diorites widely distributed in CC for geo- and thermochronological dating. In general, plutonic rocks exposed in a mountain range are expected to record the exhumation process from emplacement to exposure. They are also useful for geo- and thermochronological studies because they often contain abundant zircon and apatite grains. Five samples of quartz diorite and porphyritic diorite (Table 1) were collected from outcrops in the CC (Fig. 1a). Petrographic descriptions of each sample are presented in Additional file 1A. Samples were crushed, and zircon and apatite grains were separated using standard heavy liquid techniques at Kyoto Fission-Track Co., Ltd., Japan.Table 1Summary of rock samples and result of age determinations


	Sample No
	E. lon. (deg.)
	N. Lat. (deg.)
	elev. (m)
	arock type
	bzircon U–Pb
	czircon FT
	dzircon (U-Th)/He
	dapatite (U-Th-Sm)/He

	n
	age (Ma)
	2SE
	n
	age (Ma)
	2SE
	n
	age (Ma)
	2SE
	n
	age (Ma)
	2SE

	CC19-01
	121.2990 

	17.4075
	353
	biotite hornblende diorite
	25
	6.11
	0.15
	23
	7.75
	0.59
	–
	–
	–
	5
	0.98
	0.09

	CC19-04
	120.7472 

	16.9820
	524
	hornblende diorite
	25
	6.51
	0.16
	35
	6.91
	0.36
	–
	–
	–
	4
	e(4.31)
	(0.27)

	CC19-06
	120.6909 

	16.5175
	1685
	porphyritic hornblende diorite
	23
	13.4
	0.38
	19
	13.88
	1.45
	–
	–
	–
	5
	9.21
	0.52

	CC19-08
	120.7406 

	16.4498
	668
	biotite hornblende granodiorite
	25
	32.5
	0.70
	32
	35.63 

	2.17
	4
	11.7
	0.36
	5
	3.37
	0.19

	CC19-09
	120.7071 

	16.4197
	965
	biotite hornblende diorite
	25
	27.7
	0.75
	32
	19.08
	2.04
	5
	8.82
	0.26
	5
	6.16
	0.34


Methods and results are detailed in a—Additional file 1A; b—Additional file 1B; c—Additional file 1C; d—Additional file 1D. e: The youngest single-grain age is given as a reference. This sample was excluded from the cooling history discussion because of the large dispersion of particle ages and absence of young age group (detailed in the result section in the main text)



Separated apatite and zircon fractions were distributed to two laboratories: Tono Geoscience Center (Japan) for zircon U–Pb and fission-track (FT) dating, and the University of Melbourne (Australia) for zircon and apatite U-Th-(Sm)/He dating. Detailed dating methods employed are summarized in Additional file 1B–D. Although preliminary apatite FT measurements were conducted, a large number of dislocations were observed in the mounted and etched apatite grains (Additional file 1: Fig. S-C2) making them unsuitable for further study.

Results of geo- and thermochronological dating
Zircon U–Pb ages
The U–Pb data obtained in this study are shown in Fig. 2 and detailed in Additional file 1: Table S-B2–7. Twenty-six measurements were taken for each sample, including the geometric core and rim of zircons. At almost all points of measurement, the 206Pb/238U–207Pb/ 235U ratio was concordant in the range between 97 and 103%, and a representative U–Pb age was calculated as the weighted average of the 206Pb/238U ages without any common Pb correction. Points that corresponded to any of the following two cases were excluded from the age calculations: (1) where mineral inclusions were clearly considered to be ablated on the basis of a signal change over time, and (2) the 206Pb/238U–207Pb/ 235U ratio was discordant in the range between 97 and 103%. All analyses yield well-defined single-population ages of 6.11 ± 0.15 Ma, 6.51 ± 0.16 Ma, 13.43 ± 0.38 Ma, 32.54 ± 0.70, and 27.66 ± 0.75 Ma for samples CC19-01, CC19-04, CC19-06, CC19-08, and CC19-09, respectively (2SE). No significant age differences are recognized between the geometric core and rims of zircons in any of the samples which exhibit oscillatory zoning (Additional file 1: Fig. S-B3–7). Significantly, older data were obtained from the core of three grains in sample CC19-06 (spots. 14, 15, and 16: Additional file 1: table S2 and Fig. S-B3). These three data did not overlap with the all-in weighted average in the error range (2SD) and therefore were excluded from the weighted average 206Pb/238U age calculation.[image: ]
Fig. 2Zircon U–Pb data plotted on Tera-Wasserburg diagrams and age plot diagram produced using IsoplotR (Vermeesch 2018). 206Pb/238U weighted mean ages (2[image: $$\sigma$$] errors) are shown in the bottom right of each diagram



Zircon fission-track age
The zircon fission-track (ZFT) grain ages obtained exhibit a unimodal Poisson distribution (Additional file 1: Fig. S-C1). Since multiple components were not clearly detected despite the large dispersion of grain ages, the FT age was calculated as the pooled age (Hasebe et al. 2013): 7.75 ± 0.59 Ma, 6.91 ± 0.36 Ma, 13.88 ± 1.45 Ma, 35.63 ± 2.17 Ma, and 19.08 ± 2.04 Ma for samples CC19-01, CC19-04, CC19-06, CC19-08, and CC19-09, respectively (2SE). Detailed results are summarized in Additional file 1: Table S-C1–6. Confined ZFT track lengths were not measured as only a limited number of zircon grains could be separated from samples.

Zircon and apatite U-Th(-Sm)/He age
In this study, U-Th-(Sm)/He dating was performed on five grains for each sample. Representative age values for each sample were derived from the weighted average of the grain ages. In cases where intra-sample grain ages were significant (Additional file 1: Figs. S-D1 and 2), the youngest of the age groups that overlapped within the 2SD range was accepted for calculation of cooling ages, and the older grain ages were excluded. Because there is no clear relationship between grain ages and their effective U concentration, which may result from He diffusion due to the effects of alpha-radiation damage (e.g., Guenthner et al. 2013), the observed dispersion of intra-grain ages may possibly be due to the internal zonation of U and Th concentrations, variations in grain size, the existence of small U and/or Th-rich micro-inclusions, grain fragmentation, He-rich fluid inclusions, and crystal defects acting as He traps (e.g., Shuster et al. 2006; Brown et al. 2013; Danišík et al. 2017). Apatite (U-Th-Sm)/He (AHe) cooling age were not calculated for sample CC19-04 because the dispersion of grain ages was significant and age groups were not recognized near the youngest grain age.
Middle Miocene zircon (U-Th)/He (ZHe) ages obtained for CC19-08 and CC19-09 are 11.71 ± 0.36 Ma and 8.82 ± 0.26 Ma, respectively. AHe ages range from Pleistocene to Miocene: 0.98 ± 0.088 Ma, 4.31 ± 0.27 Ma, 9.21 ± 0.52 Ma, 3.37 ± 0.19 Ma, and 6.16 ± 0.34 Ma for samples CC19-01, CC19-04, CC19-06, CC19-08, and CC19-09, respectively (2SE). These ages are significantly younger than the zircon U–Pb and ZFT ages and their analytical uncertainties obtained from the same samples.


Discussion
Timing of the dioritic magma intrusion
The zircon U–Pb ages reported in this study are interpreted as the age of intrusion of the dioritic magma at each sampling site based on the following observations and measurements: (1) zircons are commonly found as an accessory mineral in the samples; (2) most zircons show no apparent zoning or oscillatory zoning under cathodoluminescence images and no distinct boundaries were observed between geometric core and rims in most grains (Additional file 1: Fig. S-B1); and (3) even where clear core–rim microstructures are observed, no obvious U–Pb age difference is recognized between them (Fig. 2).
Samples CC19-01 and 04 yield an intrusion age of ca. 6–7 Ma, which correlates with the late Miocene Black Mountain Quartz Diorite (Wolfe 1981; Sillitoe and Angeles 1985) in the Baguio region. These U–Pb ages indicate that late Miocene quartz diorite is extensively distributed in the CC although the spatial distribution remains unclear. The U–Pb age of CC19-06 corresponds to the early–middle Miocene Itogon Quartz Diorite (Maleterre 1989; Jabagat et al. 2020), and the CC19-09 is considered to be a correlative of the late Oligocene Central Cordillera Diorite Complex and its syn-effusive rocks, the Zigzag Formation (Encarnacion and Mukasa 1993; Jabagat et al. 2020). On the other hand, an early Oligocene quartz diorite comparable to CC19-08 has not been reported in the CC. Deposition of the Apaoan Volcaniclastics (Garcia 1991) coincides with the intrusion of the quartz diorite of the CC19-08, suggesting early igneous activity in the CC during early Oligocene time. Quartz diorite sample CC19-08 is also comparable with the northern Sierra Madre batholiths of eastern Luzon Island (Billedo 1994). These zircon U–Pb ages suggest intermittent igneous activity and associated dioritic magma intrusions from early Oligocene to late Miocene in the CC accompanied by the westward subduction of the West Philippine Basin and the eastward subduction of the South China Sea Plate (Queaño et al. 2007).

Cooling history
The approximate thermal history, i.e., time–temperature path (t-T path), of each sample can be simply determined based on the relationship between multiple age systems and their assumed closure temperatures obtained from a single sample. Strictly speaking, as closure temperatures may vary in relation to mineral grain size and cooling rate, this approach cannot be applied to quantitatively constrain the cooling rate. On the other hand, this approach can contribute to reconstructing an approximate cooling history (Wagner et al. 1977). On the range of cooling rates of 10–100 °C /Myr, closure temperatures are approximated to be ca. 250–350 °C for ZFT (Tagami et al. 1998; Yamada et al. 2007; Ketcham 2019), 183–207 °C for ZHe (Reiners et al. 2004; Guenthner et al. 2013), and 67–83 °C for the AHe system (Farley 2000; Flowers et al. 2009), respectively. Since effective U concentrations of zircon and apatite measured in this study are relatively low (zircon: 102.6–572.4 ppm; apatite: 0.9–25.5 ppm), the effects of radiation damage on age dispersion and the possible closure temperature are not considered. Moreover, as mentioned in the previous section, zircon U–Pb ages obtained in this study are interpreted as intrusion ages and are considered to reflect the timing of solidification and cooling below the wet solidus of dioritic magma (650–750 °C: Bea et al. 2021). The surface temperature and topographic lapse rate are set to 25.0 °C and 0.6 °C /km (Naito et al. 2006). The t-T paths constructed by connecting these ages and temperature ranges are shown in Fig. 3.[image: ]
Fig. 3The approximate thermal history (t-T path: bold broken lines) of each sample. Shaded areas represent a wet-solidus temperature range (for zircon U–Pb) and partial anneal and retention zones of each thermochronometer. Boxes represent a constraint resulting from age determination, and their width corresponds to the errors (2SE). It should be noted that the AHe ages and their errors for CC19-04 are reference values represented by the youngest grain age (4.31 ± 0.27 Ma)


For samples CC19-01, 04, 06, and 08, zircon U–Pb and FT ages are consistent (excluding sample CC19-09) or rather ZFT ages are older. Zircons in all samples display few inclusions and dislocations and show minimal density zonation of FTs. Hence, the exact reason for the systematic occurrence of older ZFT ages in comparison to the U–Pb ages remains unknown. Regardless of the underlying cause, it is noteworthy that these ZFT ages are close in timing within analytical uncertainties to the U–Pb ages. This suggests that following intrusion and solidification of dioritic magma samples cooled rapidly down to around 250–350 °C, reflecting the crustal thermal background. Following this phase, the cooling rate decreased in all samples at a lower temperature, especially in the range of the AHe closure temperature. This decrease may reflect the transition from initial magmatic cooling post-emplacement to a gradual cooling phase associated with subsequent exhumation. Thus, we interpret ZFT ages as indicating the later stage of initial magmatic cooling of the dioritic magma, whereas the AHe ages reflect their time of later exhumation.
ZHe ages may reflect cooling associated with exhumation, since the cooling rate decreases from ZFT to the ZHe temperature range (Fig. 3) for the two samples (CC19-08 and 09). Nevertheless, for CC19-09, the cooling rate increases from the partial retention zone of ZHe to AHe, while the neighboring sample CC19-08 does not show such behavior. This suggests a possible discontinuity of the thermal structure between the two samples, which may be attributed to either the presence of a fault or a later thermal event, such as magma intrusion, that could have reset the ZHe system of CC19-09. However, due to the lack of sufficient data, a more detailed discussion is not possible.

Preliminary discussion of exhumation history of the CC
This section provides a preliminary discussion of the exhumation history of the CC based on the spatial distribution of AHe ages, which are interpreted as signifying their exhumation. AHe data for CC19-04 are excluded from this discussion because of the large dispersion of grain ages making it difficult to resolve an age cluster (Fig. 4 and Additional file 1: Fig. S-C1), and outcrop observations suggesting that this sample might be located in the deformation zone of the ARF (Additional file 1Fig. S-A2).[image: ]
Fig. 4ZHe and AHe ages plotted against sample elevations. Colors of each point correspond to those of the location in Fig. 1. Line represents an error-weighted least squares linear regression (95% confidence) interval


As shown by the AHe age–elevation relationship in Fig. 4, the AHe shows a linear distribution against elevation (slope = 0.16 ± 0.075 km/Ma, r2 = 0.97). This age distribution can be interpreted as either 1) a linear age distribution reflecting steady-state exhumation or 2) an exhumed partial retention zone. In either case, this age distribution suggests that the geologic body from which samples were collected was exhumed as a single tectonic unit. It should be noted here that rock samples were collected across the eastern and western slopes of the CC and across the eastern and western blocks of the ARF and DF. Hence, this age distribution indicates that the entire CC was uplifted in a block-like manner, regardless of the activity of the ARF and DF in the study area.
Both interpretations of the AHe age distribution mentioned above suggest Quaternary acceleration of the exhumation rate from relatively slow exhumation in Neogene time in the CC. In case 1, the slope of the age–elevation relation suggests an exhumation rate of 0.16 ± 0.075 mm/yr during the Neogene (ca. 10–1 Ma). The positive intercept of the regression line (0.14 km: Fig. 4) indicates a post-Quaternary acceleration of the exhumation rate. In case 2, the age pattern is interpreted as having been formed in the partial retention zone of AHe during a tectonically and thermally stable phase at >  ~ 10 Ma, which was subsequently exposed by rapid exhumation at <  ~ 1 Ma (an exhumed partial retention zone). This interpretation provides a different exhumation history before 1 Ma from case 1, while both cases are consistent in suggesting an acceleration of the exhumation rate after 1 Ma. It should be noted that the timing and rate of exhumation acceleration post-1 Ma is debatable, as there is not sufficient thermochronological data to accurately estimate the break point.
If the development of flower structures associated with the activity of the ARF and DT (Ringenbach et al. 1990) has a first-order control on the uplift of the CC, then distinct differences in uplift style are expected between the east and west blocks of these faults. This hypothesis is also applicable to segments of the Philippine Fault System other than the ARF and DT; however, the AHe age distribution in this study is not consistent with this model. Thus, the contribution of the fault activity of the ARF and DT to the exhumation of the CC is limited, and a different driving force is required to explain the AHe age distribution. Our data may suggest that active faulting in the frontal thrust of the CC foothills, uplifted the whole belt as a block (e.g., East Cordillera Fault shown in Fig. 1a: DOST-PHIVOLCS 2020).


Conclusions
In this study, geo- and thermochronological dating of five diorite samples collected from the CC were carried out. Zircon U–Pb ages indicate that intermittent igneous activity with associated dioritic intrusions extended from the early Oligocene to the late Miocene. Following intrusion, the diorites cooled rapidly down to the temperature range of partial annealing zone of the ZFT system, followed by gradual cooling accompanied by regional exhumation. The distribution pattern of AHe ages in the study area suggests a pattern of block-like uplift of the CC (between ~ 1 and 10 Ma) marked by Quaternary acceleration of the exhumation rate.
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