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Amphibole plays a pivotal role in mediating the flux of volatiles and partial melting that ultimately contribute to arc magmatism. The influence of amphibole from the lower crust to the upper mantle remains unclear due to limited opportunities for observation. Amphibole-rich ultramafic rock characterized by large poikilitic hornblende grains with olivine and pyroxenes occurs in the Nishidohira metamorphic rocks in the southern Abukuma Mountains of Northeast Japan (we call poikilitic hornblende pyroxenite hereafter). Amphibole exhibit zoning in color and chemical composition: the dark core has higher TiO2 and Al2O3 contents than the light green rims. Dark-colored high-TiO2 pargasitic amphibole formed early from magmatic melts. Melt compositions calculated from the dark-colored amphibole core based on melt-mineral partitioning indicate that the poikilitic hornblende pyroxenite resulted from adakitic magmatic activity. Reactions between pre-existing ultramafic rock and adakitic melt are likely to form poikilitic hornblende pyroxenite when the melt/rock ratio is low, and hornblende gabbro when the ratio is high. The U-Pb zircon age of approximately 120 Ma for poikilitic hornblende pyroxenite and associated hornblende gabbro is interpreted as a magmatic age. In the Early Cretaceous tectonic framework of Northeast Japan, adakitic magmatism is attributed to the westward subduction of the Izanagi (or Kula) plate beneath the eastern margin of the Eurasian Plate.
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1 INTRODUCTION
Amphiboles act as volatiles storage and play a key role in magma differentiation under conditions from the upper mantle to the lower crust (e.g., Davidson et al., 2007; Collins et al., 2020). Fractionation of amphibole significantly affects the evolution of arc magmas (Hidalgo and Rooney, 2010; Kratzmann et al., 2010), eventually leaving amphibole-rich mafic/ultramafic rocks in the lower crust to the uppermost mantle as cumulates or residues. Ultramafic rocks that contain poikilitic hornblende (poikilitic hornblende UMR hereafter), which is characterized by large poikilitic amphibole (typically hornblende in composition) grains enclosing rounded olivine with clinopyroxene/orthopyroxene, is classically referred to as cortlandite (Williams, 1886). Poikilitic hornblende UMR is a minor but often occurring as a component in granitic and metamorphic belts of variable ages (e.g., Tiepolo et al., 2011; Itano et al., 2021) and in the lower crust to upper mantle sequence of supra-subduction ophiolites (Ishiwatari, 1985; Ozawa et al., 2015). Poikilitic hornblende UMR is also found as a sub-arc xenolith (Ishimaru et al., 2009).
Poikilitic hornblende UMR (often refereed as cortlandite) has been reported from several geological units in Japan, such as the Ryoke Belt (Yoshimura et al., 1940; Yagi, 1944; Noto, 1977; Ogiso, 1984; Tanaka et al., 1987; Yamasaki et al., 2012), and the Hida Belt (Itano et al., 2021). Yamasaki et al. (2012) pointed out that examining the crystallization sequence in the poikitic hornblende UMRs, particularly distinguishing between cumulus phases and intercumulus phases, is crucial for understanding the composition of the melt involved in their formation. Yamasaki et al. (2012) also pointed out that the crystallization sequence and chemical trends of minerals in the poikilitic hornblende UMRs from the Ryoke belt are consistent with those expected from island arc magmas. Itano et al. (2021) suggested that the trace element composition of melt calculated from amphibole in the poikilitic hornblende UMRs from the Hida Belt is similar to the average composition of continental arc basalts. Clinopyroxene occurs as a relatively early crystallization phase in one of the Ryoke UMRs (Yamasaki et al., 2012), whereas poikilitic orthopyroxene is observed with poikilitic hornblende in the Hida UMRs (Itano et al., 2021). Poikilitic hornblende UMR exhibits diversity in mineralogy and geochemistry. Further study on UMR is necessary to elucidate the petrogenesis and melt compositions associated with the UMR formation.
Poikilitic hornblende UMR occurs in the Abukuma Metamorphic Belt in the Tohoku region of Japan (Tagiri, 1971; Shimaoka and Watanabe, 1976; Tanaka et al., 1982). In this region, amphibole-rich gabbros are also exposed, providing an excellent opportunity to comprehensively investigate magma evolution involving amphibole. We report petrology, mineral chemistry, and U-Pb dating of zircon of poikilitic hornblende UMR, including associated hornblende gabbro in the Nishidohira metamorphic rocks. As discussed in this paper, the interaction of adakitic melts with ultramafic rocks provides an effective mechanism for the metasomatic introduction of amphibole-forming components. Interestingly, some of the Cretaceous granitic intrusions in the adjacent Kitakami Mountains are characterized by adakitic compositions (Tsuchiya et al., 2005; 2007). Therefore, the Nishidohira poikilitic hornblende UMR provides crucial insights into the relationship between its formation and adakitic magmatic activity, as well as for elucidating the geodynamic history of the study area.
2 GEOLOGICAL BACKGROUND AND SAMPLE DESCRIPTION
The Abukuma Mountains of northeastern Japan are bordered by the Tanakura Tectonic Line to the northeast and the Futaba Fault to the southwest (Figure 1). The Abukuma Metamorphic Belt is widely distributed in the northern part of the southern Abukuma Mountains (Miyashiro, 1961). In this study, we classify the metamorphic rocks in the Hitachi area of the southern Abukuma Mountains into the Nishidohira metamorphic rock, Tamadare metamorphic rock and Hitachi metamorphic rock group (Akazawa, Daioin, and Ayukawa Formations) based on their metamorphic conditions, protoliths and structure (Tagiri, 1971; Shimaoka et al., 1988; Tagiri et al., 2010; 2011; Kanamitsu et al., 2011) (Figure 1). The Irishiken granodiorite body is located north of the Tamadare metamorphic rock and Hitachi metamorphic rock group.
[image: Map showing geological features of regions in Japan labeled A and B. Panel A highlights South Kitakami (SK), Abukuma (Ab), and Hitachi metamorphic unit (h) with coordinates and trenches. Panel B focuses on areas near the Pacific Ocean, including Nishidohira F Serpentinite, Irishiken Granodiorite, and various metamorphic formations, marked with patterns and labels. A star denotes the current study area, with a scale of four kilometers.]FIGURE 1 | Geological framework of the studied area. (A) Basement geological map of the Northeast Japan showing North Kitakami (NK), South Kitakami (SK) and Abukuma (Abu) (simplified after Wallis et al., 2020). Geological units are Id, Idonnappu; Jo, Joetsu; MT, Mno-Tanba-Ashio; Nd, Nedamo; Nm, Nemuro; RK, Rebun-Kabato; Sy, Sorachi-Yezo; Tk, Tokoro. Major faults are TTL, Tanakura; MTL, Median; ISTL, Itoigawa-Shizuoka; BLT, Butsuzo and TL, Tectonic Line. (B) Geological map of the Southern Abukuma Mountains, simplified after Tagiri et al. (2016). The star indicates the Nishidohira ultramafic-mafic body (This study). Sample locality of granitic rock of the Irishiken Granodiorite body is shown as a solid circle (IRS01). F, formation.The Hitachi metamorphic rocks consist mainly of low-metamorphic grade of metasedimentary and metavolcanic rocks (Tagiri, 1971). Serpentinite is present at the boundary between the Nishidohira and the Akazawa Formation of the Hitachi metamorphic rock (Shimaoka and Watanabe, 1976; Hiroi and Kobayashi, 1996; Tagiri et al., 2010; Yoneguchi et al., 2021). The Tamadare metamorphic rocks are mainly plutonic rock origin metamorphosed under amphibolite facies conditions (Shimaoka et al., 1988). U-Pb zircon ages of 506.7 ± 3.4 Ma were reported from amphibole gneiss and is interpreted as a protolith age (Tagiri et al., 2011).
The Nishidohira metamorphic rocks are located at the southwestern margin of the Hitachi area. Structural studies suggest that the Hitachi metamorphic rocks were thrust onto the Nishidohira metamorphic rocks (Watanabe and Bikerman, 1971; Faure et al., 1986). Andalusite-kyanite-sillimanite-bearing gneisses (AKS gneiss) occur in the Nishidohira metamorphic rocks (Hiroi and Kobayashi, 1996). Yoneguchi et al. (2021) revisited the P-T-Time pathway of AKS gneisses in the Nishidohira metamorphic rocks. Metamorphic grade is from lower to upper amphibolite-facies (Hiroi and Kobayashi, 1996).
Poikilitic hornblende UMR body including hornblende gabbro is in contact with the Nishidohira metamorphic rocks in the east and north, but no clear contact metamorphism is observed (Tanaka et al., 1982). Leucocratic veins, usually a few centimeters thickness, cut the poikilitic hornblende UMR body. Hiroi and Kobayashi (1995) reported staurolite-bearing pelitic metamorphosed xenolith in the poikilitic hornblende UMR body.
The study samples were collected from locations reasonably distant from the surrounding metamorphic rocks and not associated with leucocratic veins to avoid mineralogical and geochemical modifications from these rocks. The Nishidohira poikilitic hornblende UMR consists mainly of large poikilitic hornblende with rounded olivine and subhedral clinopyroxene, with small amounts of biotite, orthopyroxene, and ilmenite (Figure 2). Amphibole shows color zoning from a dark core through a brown rim to a green rim (Figure 3). Abundant ilmenites are present in the dark core (Figure 3E). Green-colored amphibole and clinopyroxene often form a vermicular texture (Figure 3A). Orthopyroxene occurs around olivine or as discrete grains in domains dominated by green-colored amphibole (Figures 2,3). Zircon is confirmed at the grain boundary of the main phases at the intersection. Mineral mode was measured using ImageJ software (Schneider et al., 2012) from X-ray intensity maps of multiple elements (Figures 2,4). The analytical method for X-ray intensities of multiple elements will be described in Supplementary Material. Olivine accounts for approximately 5% by volume (here, olivine + pyroxenes + amphibole = 100%), pyroxenes account for approximately 50% (of which orthopyroxene is 2%–3%), and amphibole accounts for approximately 45%. The Nisidohira poikilitic hornblende UMR corresponds to hornblende pyroxenite. Hereafter, this is referred to as poikilitic hornblende pyroxenite.
[image: Microscopic images of thin sections NSD04 and NSD06 under plane-polarized and cross-polarized light. NSD04 and NSD06 show mineral compositions identified by their colors: biotite, orthopyroxene (Opx), amphibole (Amph), titanium amphibole (Ti-Amph), clinopyroxene (Cpx), and ilmenite. Maps highlight olivine (Ol) in white and orthopyroxene in orange. Color key indicates mineral composition: titanium purple, calcium yellow, and iron red. One-centimeter scale bar included.]FIGURE 2 | Thin section image of poikilitic hornblende pyroxenite. Plane-polarized and cross-polarized image noting distribution of dark-colored hornblende, Combined X-ray intensity map for Ti (Purple), Ca (Yellow) and Fe (Red) and X-ray intensity map for Ti only (Blue). Amph, amphibole; Cpx, clinopyroxene; Ol, olivine; Opx, orthopyroxene. Orange-colored O, Orthopyroxene. The two panels on the right show X-ray intensity maps of titanium (Ti). Olivine (Ol) is present in high-Ti amphibole, while orthopyroxene (denoted by orange-colored O) is present in low-Ti amphibole.[image: Microscopic images of mineral samples in different lighting and imaging techniques. (A) Plane-polarized light highlighting dark amphibole, clinopyroxene (Cpx), and biotite. (B) Cross-polarized light revealing vivid mineral colors. (C) Plane-polarized view with brown and green minerals. (D) Cross-polarized showing olivine (Ol) and orthopyroxene (Opx) with bright interference colors. (E) Back-scattered electron image displaying ilmenite in grayscale.]FIGURE 3 | Photomicrograph of poikilitic hornblende pyroxenite (Sample NSD06) showing distinct color zoning from dark, dark brown to light green in amphibole around clinopyroxene (Cpx) and olivine (Ol) ± orthopyroxene (Opx) (A–D). Plane-polarized (A,C) and corss-polarized (B,D). Back-scattered electron image of dark-colored amphibole. Ilmenites (white phase) are abundantly present in the host amphibolie (gray, entire field of view) (E).[image: Images A and F show plane-polarized views of a mineral sample, highlighting textures and structures. Images B and G display cross-polarized views, revealing mineral color variations. Image C is a combined X-ray intensity map showing mineral distribution with various colors representing different minerals: orange for amphibole, green for plagioclase, purple for biotite, and others. Image D shows an X-ray intensity map for phosphorus in light blue, and Image E shows sulfur in purple. Annotations indicate mineral types and orientations, with scale bars for size reference.]FIGURE 4 | Thin section image of hornblende gabbro (Sample NSD05) (A–D). Plane-polarized (A) and cross-polarized images (B), combined X-ray intensity map for Ti, Ca and Fe allowing mineral phase distribution of hornblende (orange), plagioclase (Green), biotite (Purple) and others (C), and X-ray intensity map for P (light blue) (D) and S (purple) (E). The scale bar in (E) is the same as in A–D. Photomicrograph of hornblende gabbro (Sample NSD05). Plane-polarized (F) and cross-polarized images (G).Hornblende-biotite gabbro (Hornblende gabbro hereafter) is composed mainly of medium grains of hornblende (<3 mm), biotite (<2 mm) and plagioclase (<3 mm), with small amounts of fine grains of ilmenite, sulfide, apatite and zircon (Figure 4). Using the same method as for the ultramafic rock, mineral modes were measured from X-ray intensity maps of multiple elements. The mineral mode by volume % is as follows: amphibole 74%, plagioclase 10%, biotite 8%, apatite 3%, titanite 2%, sulfide <3%, and zircon <1%.
Granitic rock from the western part of the Irishiken granodiorite body was also sampled (IRS01 in Figure 1), and the U-Pb zircon dating results were compared with the previous data.
3 MINERAL CHEMISTRY
The analytical methods for X-ray intensity mapping of the sample surface, the major and trace element compositions of minerals, and U-Pb dating of zircon are described in the Supplement. Major and trace element compositions of olivine, clinopyroxene, orthopyroxene, amphibole, plagioclase and biotite in poikilitic hornblende pyroxenite and hornblende gabbro are presented in Supplementary Material (Supplementary Tables S1–S7).
3.1 Mineral chemistry of poikilitic hornblende pyroxenite
The forsterite content [100 Mg/(Mg + Fe) atomic ratio] of olivine has a range of 65–76 for both NSD04 and NSD06. The core of coarse-grained olivine tends to have a high forsterite content, while the rim and smaller grains usually have a lower Fo content. The MnO content of olivine is 0.2–0.7 wt. % (Supplementary Figure S1). The NiO content of olivine is below the detection limit of the SEM-EDS analysis (<0.5 wt. %).
XMg [Mg/(Mg + Fe) atomic ratio] of clinopyroxene is mostly 0.8–0.85 (Figure 5). The Al2O3 and TiO2 contents of large clinopyroxene are 2-5 wt. % (Al = 0.1–0.2 per formula unit when O = 6) and 0.4–0.8 wt. % (Ti = 0.01–0.03 per formula unit), respectively. Clinopyroxene, which shows a vermicular texture with amphibole, is generally lower in Al2O3 (<2 wt. %, Al < 0.1) and TiO2 (<0.6 wt. %, Ti < 0.01) (Figure 5). The chondrite-normalized REE pattern of large clinopyroxene grains was gently convex with high Sm-Nd and a slight negative Eu anomaly (Supplementary Figure S2). Primitive mantle-normalized trace element patterns of large clinopyroxene exhibit negative anomalies of Nb, Zr and Ti (Supplementary Figure S2).
[image: Two scatter plots labeled as (A) and (B) show the relationship between different elements in clinopyroxene samples labeled NSD04 and NSD06. Plot (A) compares the aluminum ratio to the magnesium plus iron atomic ratio. Plot (B) compares the aluminum ratio to the titanium ratio. Both plots feature data points with annotations for "Core" and "Amph + Cpx" indicating specific mineral phases, using black and gray symbols for different samples.]FIGURE 5 | Plot of Al (per formula unit O = 6) versus Mg/(Mg + Fe). (A) and Ti (per formula unit O = 6). (B) for clinopyroxene from the poikilitic hornblende pyroxenite (NSD4 and NSD06). Amph + Cpx, vermicular aggregate of amphibole and clinopyroxene.XMg of orthopyroxene is 0.72–0.74. The Al2O3 and CaO contents of orthopyroxene are 1.4–2.5 wt. % and 0.6–0.8 wt. %, respectively. The chondrite-normalized REE pattern of orthopyroxene is gently U-shaped (Supplementary Figure S2). The primitive mantle-normalized trace element pattern exhibits a positive anomaly for Ti (Supplementary Figure S2).
Following the nomenclature of Hawthorne et al. (2012), the dark core and brown-colored margin of poikilitic amphibole is pargasite and magnesiohornblende, while green-colored rim of poikilitic amphibole and vermicular amphibole with clinopyroxene are pargasite, magnesiohornblende and actinolite in composition (Supplementary Figure S3). Dark-colored to brown amphiboles exhibit high TiO2 content (1.3–2.1 wt. %; Ti = 0.2–0.3 when O = 23)., whereas vermicular and green-colored amphiboles contain low amounts (<1 wt. %) (Ti < 0.2 when O = 23) (Figure 6). The XMg (Mg/(Mg + Fe2+) atomic ratio) of amphibole varies between 0.72 and 0.89. Chondrite-normalized REE patterns in the dark-colored core and brown intermediate zone of poikilitic amphibole are convex with high Sm-Nd (Figure 7). Brown-colored intermediate zone has slightly higher LREEs than the dark-colored core. The chondrite-normalized REE pattern of green-colored amphibole generally shows an upward leftward pattern (Figure 7). Primitive mantle-normalized trace element patterns of dark and brown hornblende exhibit negative anomalies of high-field strength elements (HFSEs) such as Th, Zr, and Hf, and high in large ion lithophile elements (LILEs) such as Rb, Ba, and Sr (Figure 7). The absolute amount of REEs and trace elements of green-colored amphibole is lower than those of other amphiboles.
[image: Three scatter plots labeled A, B, and C show the relationship between Na + K apfu and Ti apfu at O = 23 for different rock types. Plot A (NSD04 Pyroxenite) shows varied symbols clustered below 0.5 on both axes. Plot B (NSD06 Pyroxenite) features similar symbols with labeled points: "Green," "Amph-Cpx," "Dark," and "Brown." Plot C (NSD05 Gabbro) displays diamond-shaped symbols closely grouped near 0.45 Na + K apfu.]FIGURE 6 | Plot of Ti (apfu: atom per formula unit, O = 23) versus Na + K (apfu: atom per formula unit, O = 23) for amphiboles from the poikilitic hornblende pyroxenite (A: NSD 04; B: NSD06) and from hornblende gabbro (C: NSD05). Amph - Cpx, vermicular aggregate of amphibole and clinopyroxene.[image: Four line graphs depict chondrite and primitive mantle-normalized data for NSD04 Pyroxenite, NSD05 Gabbro, and NSD06 Pyroxenite. Each graph compares the trend lines labeled Brown, Dark Brown, and Green across various elements. Both NSD04 graphs show varying element sequences, while NSD05 graphs display more consistent trends.]FIGURE 7 | Chondrite-normalized rare earth element patterns (left) and primitive mantle-normalized trace element patterns (right) of amphibole from the poikilitic hornblende pyroxenite (NSD04 and NSD06) and hornblende gabbro (NSD05).The XMg and the TiO2 content of biotite is 0.73–0.77 and 1.2–1.9 wt. %, respectively.
3.2 Mineral chemistry of hornblende gabbro
Amphibole is pargasitic to magnesiohornblende in composition (Supplementary Figure S3; Supplementary Table S6). The TiO2 content of amphibole is 0.7–1.3 wt. % (Ti < 0.15 when O = 23) (Figure 6). The XMg of amphibole is 0.60–0.65. Chondrite-normalized REE patterns of amphibole are convex with high Sm-Nd and a negative anomaly for Eu. Primitive mantle-normalized trace element patterns of amphibole show negative anomalies of HFSEs such as Th, Zr and Hf, and U, Sr and Eu (Figure 7).
The XMg and TiO2 content of biotite is 0.62–0.64 and 2.1–2.7 wt. %, respectively.
Anorthite content [100Ca/(Ca + Na) atomic ratio] of plagioclase ranges from 46–55. The K2O content is usually below the detection limit of analysis (<0.2 wt. %).
3.3 U-Pb zircon dating
The results of zircon U-Pb analysis by LA-ICP-MS are presented in Supplementary Material (Supplementary Table S7). The zircon grains in poikilitic hornblende pyroxenite and hornblende gabbro are mostly less than 300 µm and exhibit a subhedral shape. Cathodoluminescence (CL) images of zircons show both dark and bright color growth domains. Representative CL images of zircon grains with 206Pb/238U ages are shown in Figure 8. The bright-colored domain often surrounds the core domain with the dark CL. Zircons from the Irishiken granitic rock are euhedral with prismatic faces, typically 200 µm in size (Supplementary Figure S4). CL image exhibits concentric oscillatory without inherited core or significant resorption surfaces.
[image: Microscopic images of pyroxenite and gabbro samples labeled NSD04, NSD06, and NSD05. Each image shows a magnified mineral sample with a circle marking a specific area. Measurements with uncertainties in micrometers are indicated next to each marked area. Scale bars show 100 micrometers for reference.]FIGURE 8 | Cathodoluminescence images of representative zircons from the poikilitic hornblende pyroxenite and hornblende gabbro. Analytical spots for LA-ICP-MS U-Pb dating are shown as circles, with the corresponding 206Pb/238U age (Ma).The U-Pb isotopic data for zircons are plotted on a Tera-Wasserburg diagram using IsoplotR (Vermeesch, 2018). The individual isotopic ratio of zircon from poikilitic hornblende pyroxenites and hornblende gabbro are mostly consistent, and are located on or very close to the concordia curve of approximately 125–115 Ma (Figure 9). Zircons from the NSD04 (poikilitic hornblende pyroxenite) and hornblende gabbro (NSD05) yielded a well-defined and coherent age population.
[image: Three sets of paired graphs depict isotopic ratio data and ages for geological samples. The left column shows ^207Pb/^235Pb versus ^238U/^206Pb concordia diagrams for Pyroxenite (NSD04 and NSD06) and Gabbro (NSD05). The right column shows corresponding age histograms with mean ages: 117.4 ± 0.4 Ma (MSWD = 2.7) for NSD04, 121.5 ± 1.6 Ma (MSWD = 1) for NSD06, and 116.3 ± 0.5 Ma (MSWD = 3) for NSD05.]FIGURE 9 | Terra-Wasserburg concordia diagrams (left) and 206Pb/238U age (right) of U-Pb zircon data from the poikilitic hornblende pyroxenite (Pyroxenite) and hornblende gabbro (Gabbro). Weighted mean of 206Pb/238U age, with the 95% confidence interval shown as a gray-colored band and the dispersion (evaluated at 95% confidence) shown as dotted lines.The weighted mean 206Pb/238U ages calculated by IsoplotR is 117.5 ± 0.4 Ma (1 σ, n = 37, MSWD = 2.7) for the poikilitic hornblende pyroxenite (NSD04), and is 116.3 ± 0.5 Ma (1 σ, n = 16, MSWD = 3) for the hornblende gabbro (NSD05) (Figure 9). Although a limited number of four zircon spots were analyzed for the NSD06 of poikilitic hornblende pyroxenite, these spots yielded concordant individual 206Pb/238U ages of 118–127 Ma. These individual ages are consistent with each other and overlap with uncertainty with the age population from NSD04. The Th/U ratios of all analyzed zircons from both poikilitic hornblende pyroxenite and hornblende gabbro are greater than 0.1, indicating a magmatic origin. The weighted mean U-Pb ages of zircons from poikilitic hornblende pyroxenite and hornblende gabbro overlap within analytical uncertainty (Figure 9). The identical U-Pb zircon ages are interpreted as the timing of a magmatic event for both ultramafic and gabbroic rocks at approximately 120 Ma.
The age ranges indicated by each U-Pb zircon data are 15 million years for the poikilitic hornblnede pyroxenite and 10 million years for the hornblende gabbro. Itano et al. (2024) reported two U-Pb zircon age populations separated by 10 million years from the poikilitic hornblende UMR in the Hida Belt, based on high-precision analysis using a sensitive high-resolution ion microprobe (SHRIMP) combined with careful petrological observation. This age difference is interpreted as resulting from different zircon forming processes from the same melt, providing petrological evidence of a continuous period of igneous activly over 10 million years. To clarify the significance of the age range of the study samples, further careful high-resolutin and high-precision analysis is required.
The U-Pb zircon data for the Irishiken granitic rock are on the concordia curve on a Tera-Wasserburg diagram, and the mean 206Pb/238U ages for the Irishiken body is 105.9 ± 0.6 Ma (1 σ, n = 27, MSWD = 1.4) (Supplementary Figure S5). This is in good agreement with previous U-Pb zircon data (105.3 ± 0.8 Ma) obtained from the eastern part of the Irishiken body (Takahashi et al., 2016).
4 DISCUSSIONS
4.1 Phase relationships in the poikilitic hornblende pyroxenite
Olivine, orthopyroxene and clinopyroxene in poikilitic hornblende pyroxenite are surrounded by amphibole (Figures 2,3), indicating the amphibole formed during later crystallization than other mafic minerals. Poikilitic hornblende exhibits a chemical zoning from high-Ti-REEs pargasitic composition in the core part to low-Ti-REEs rim part. Amphibole in direct contact with olivine and subhedral pyroxene tends to exhibit Ti-rich pargasitic amphibole, whereas vermicular clinopyroxene-amphibole and that in contact with orthopyroxene are low-Ti amphibole. Brown-colored intermediate zone of amphibole exhibits slightly higher LREEs and LREE/HREE ratio than the dark-colored core (Figure 7). The partition coefficient between amphibole and melt is generally lower for LREEs than for HREEs, and amphibole crystallized later from the fractionated melt exhibits a higher LREE/HREE ratio. Vermicular clinopyroxene coexisting with low-Ti amphibole has a lower Al2O3 content than the subhedral clinopyroxene surrounded by high-Ti pargasitic amphibole (Figure 5). The vermicular texture of low-Al clinopyroxene and low-Ti amphibole is interpreted to have formed later than high-Ti pargasitic amphibole, through the reaction between high-Al clinopyroxene and a fractionated melt/hydrous fluid derived from the infiltrated melt that formed the high-Ti pargasitic amphibole. In other words, high-Al clinopyroxene and high-Ti pargasitic amphibole are in equilibrium and represent the phases that existed early on. As discussed later, the chemical composition of the melt in equilibrium with subhedral high-Al clinopyroxene and high-Ti pargasitic amphibole exhibit similar characteristics, indicating that both high-Al clinopyroxene and high-Ti pargasitic amphibole crystallized from the same melt. The absence of Eu and Sr negative anomalies in both high-Ti pargasitic amphibole and high-Al clinopyroxene indicate no plagioclase formed before amphibole crystallization. This is consistent with the absence of plagioclase within the poikilitic hornblende pyroxenite.
Orthopyroxene in poikilitic hornblende pyroxenite is occasionally found around olivine and generally occurs with low-Ti amphibole domain (Figures 2,3). This textural relationship between orthopyroxene and other phases indicates that orthopyroxene formed after olivine and related to the formation of later low-Ti amphibole, likely through reaction of the pre-existing olivine with fractionated orthopyroxene-saturated melt or high-SiO2 hydrous fluid derived from the infiltrated melt (e.g., Morishita et al., 2011). Olivine tends to exhibit rounded shapes, whereas high-Al clinopyroxene shows subhedral shape. Based on these observations, olivine is interpreted as the earliest crystallization phase or pre-existing phase, and later reacted with melt/fluid, forming either high-Ti pargasitic amphibole and/or orthopyroxene.
The next question is whether olivine formed as the earliest crystallization phase from a melt or existed as a phase within pre-existing rocks such as peridotite. As described later, olivine is assumed to be a pre-existing phase of ultramafic rock and has reacted with the infiltrating melt.
4.2 Estimation of melt compositions in the formation of poikilitic hornblende pyroxenite and possible origins
Petrographic and chemical evidence suggests that the dark-colored high-Ti pargasitic amphibole in the poikilitic hornblende pyroxenite formed early from a magmatic melt. The melt composition that crystallized dark-colored high-Ti pargasitic amphibole is estimated to contain, approximately 59–67 wt. % SiO2, 17–18 wt. % Al2O3 and 2-4 wt. % MgO at around 1,000 °C, as predicted by the empirical chemometric equation (Zhang et al., 2017) using Thermobar (Wieser et al., 2022) (Supplementary Table S4). We also estimate the trace element composition of equilibrium melt with the dark-colored high-Ti pargasitic hornblende using the partition coefficient of Nandedkar et al. (2016) and (Humphreys et al., 2019) (Supplementary Table S8). The estimated melt compositions from amphibole using two partition coefficients have similar geochemical characteristics. The primitive mantle-normalized trace element patterns of calculated melt compositions from dark-colored high-Ti pargasitic amphibole showed high LREE/HREE ratios, weak positive anomaly of Sr and negative anomalies for HFSEs. These characteristics are similar to those from high-Al clinopyroxene and orthopyroxene using the partition coefficient of McDade et al. (2003) (Supplementary Table S8), which is determined for hydrous high-MgO melt and peridotite system (Figure 10B). Since it was considered that high-Al clinopyroxene and high-Ti pargasitic amphibole were in equilibrium, experimental results of hydrous melt are used.
[image: Three graphs labeled A, B, and C depict calculated melt compositions in relation to a range of elements (Nb to Lu) on a logarithmic scale from 0.1 to 1000. Graph A compares data from Nandedkar et al. (2016) and Humphreys et al. (2016), graph B includes data from Nandedkar et al. (2016) and McCade et al. (2003), and graph C features data from Nandedkar et al. (2016) and Adam & Green (2003 at 0.5 GPa). Each graph shows variations in trends, highlighting differences in melt composition calculations.]FIGURE 10 | (A) Primitive-mantle normalized trace element patterns for calculated melts in equilibrium with dark-colored high-Ti pargasitic amphibole from poikilitic hornblende pyroxenite using the partition coefficient of Nandedkar et al. (2016) and Humphreys et al. (2019). (B) Comparison of calculated melts from high-Ti pargasitic amphibole using the partition coefficient of Nandedkar et al. (2016) and calculated melts from high-Al clinopyroxene and orthopyroxene using the partition coefficient of McDade et al. (2003). (C) Comparison of calculated melts from high-Ti pargasitic amphibole using the partition coefficient of Nandedkar et al. (2016) and calculated melts from high-Al clinopyroxene using the partition coefficient obtained from 0.5 GPa experimental results of Adam and Green (2003).Partition coefficients between clinopyroxene and melt for REEs and other trace elements are suggested to decrease with increasing pressure (Adam and Green, 1994; Bédard, 2014). The trace element content in the melt composition calculated under low-pressure conditions is relatively lower than that under high-pressure conditions. The melt compositions calculated using low-pressure (0.5 GPa) experimental results from Adam and Green (2003) (Supplementary Table S8) show lower trace element contents in the calculated melts than those calculated using McDade et al. (2003) (1.3 GPa) (Figure 10C). The geochemical characteristics of the low-pressure melts consistently show features common to those of the high-pressure melts, such as high LREE/HREE ratios, positive anomaly of Sr and negative anomalies for HFSEs (Figure 10). The following discussion does not change significantly whether regardless of high-pressure or low-pressure data are used (Supplementary Figure S6).
The estimated melt compositions from high-Ti pargasitic amphibole compared with the typical magma compositions of Japanese island arcs (Kimura, 2017) (Figure 11). Among these magma compositions, the chemical characteristics of the estimated melt composition are similar to adakitic melt compositions (Figure 11).
[image: Six graphs comparing primitive mantle-normalized concentrations of various elements for different rock types. Panels (A) and (B) show calculated melts by Nandedkar et al. (2016) and Humphreys et al. (2019), respectively, with highlighted lines for adakite, high-Mg andesite, volcanic front, and rear arc. Panels (C) and (D) show Kitakami adakitic rocks calculated by Nandedkar et al. and Humphreys et al., respectively. Panels (E) and (F) display Kitakami high-Mg andesite data from Tsuchiya et al. (2005), calculated by Nandedkar et al. and Humphreys et al., respectively. Each graph includes lines representing different studies.]FIGURE 11 | Comparison of calculated melts from high-Ti pargasitic amphibole from high-Ti pargasitic amphibole using partition coefficient of Nandedkar et al. (2016) and Humphreys et al. (2019) with the typical magma compositions of Japanese island arcs (Kimura, 2017) (A,B). Comparison of calculated melts from high-Ti pargasitic amphibole with the compositions of Early Cretaceous adakitic granites (C,D) and High-Mg Andesites (HMA) (E,F) from the Kitakami Mountains, Northeast Japan. Normalization values are from McDonough and Sun (1995). Data for Kitakami adakitic granites and HMA are from Tsuchiya et al. (2007) and Tsuchiya et al. (2005), respectively.Adakite is an intermediate to felsic igneous rock characterized by high Sr concentration, and low Y and heavy REEs concentrations. Adakite was originally defined by Defant and Drummond (1990) as an arc-related volcanic or intrusive rocks formed by partial melting of young subducted oceanic basalt under amphibole/eclogite facies conditions. Since then, several models have been discussed regarding the origin and tectonic setting of adakitic to related high-Mg andesitic melt genesis (e.g., Martin et al., 2005; Moyen, 2009; Castillo, 2012; Zhang et al., 2021). Partial melting of thickened lower crust under garnet-hornblende/eclogite facies conditions may form adakite melts (Yumul et al., 2000; Chung et al., 2003; Condie, 2005; Wang et al., 2005; Macpherson et al., 2006; Qian and Hermann, 2013). Adakitic melt compositions are formed by the fractional crystallization of garnet and/or amphibole from hydrous basalts (Moyen, 2009; Azizi et al., 2019). The formation of high-Mg andesite involves the partial melting of the subducted basalt and subsequent interaction with wedge mantle peridotite (Rapp et al., 1999; Martin et al., 2005). High-Mg andesitic to high-Mg adakitic compositions can be formed by partial melting of metasomatized mantle through slab-melt interaction, followed by mixing with basaltic magmas (Yogodzinski and Kelemen, 1998; Danyushevsky et al., 2008).
Although constraining tectonic model for the formation of adakitic melts in relation to poikilitic hornblende pyroxenite is difficult, it is noted that adakitic granitic rocks and High-Mg Andesite (HMA) have been reported from the South Kitakami Mountains located in the northeastern part of the Abukuma Mountains (Tsuchiya and Kanisawa, 1994; Tsuchiya et al., 2005; 2007; 2014; 2015) (Figure 1). These adakitic magmas and associated high-Mg andesite formed at 128–113 Ma, according to U-Pb zircon dating (Tsuchiya et al., 2014; 2015; Osozawa et al., 2019). The chemical characteristics of adakitic and related HMAs are similar to those of the melt compositions calculated from high-Ti pargasitic amphibole in the poikilitic hornblende pyroxenite (Figure 11). The magmatic ages of the Kitakami adakites and associated HMAs are consistent with U-Pb dating of poikilitic hornblende pyroxenite in this study. Based on temporal and spatial relationships, as well as the melt composition inferred for the formation of the poikilitic hornblende pyroxenite, it is suggested that the magmatic event forming adakitic to high-Mg andesite recorded in the Kitakami Mountains and the study area may have been the same magmatic event.
Trace element and isotopic modeling indicates that the Kitakami adakitic magmas originated from partial melting of a mixed source comprising basaltic oceanic crust (N-MORB) with a contribution from subducted sediments (Tsuchiya et al., 2007). The Kitakami High-Mg andesitic rock (HMA hereafter) rarely contains ultramafic xenoliths. Mass balance calculations support an Assimilation-Fractional-Crystallization (AFC) model in the Kitakami HMA formation. The Kitakami HMA can be generated by slab-derived adakitic melt assimilating primordial mantle peridotite while crystallizing phases like orthopyroxene, olivine, and hornblende (Tsuchiya et al., 2005). Micorgabbro boulder containing dunitic xenoliths was also reported from the Kitakami Mountains (Yamasaki and Uchino, 2023). The equilibrium melt compositions with clinopyroxene in the microgabbro are in good agreement with HMAs (bajaite). Yamasaki and Uchino (2023) propose that bajaitic HMA formation is due to the assimilation of dunitic cumulates of lower crustal origin by adakite-related felsic magma. Although the origin of ultramafic rocks differs between Tsuchiya et al. (2005) and Yamasaki and Uchino (2023), the process by which high-Mg andesitic melts form through the reaction between ultramafic rocks and adakitic felsic melt followed by fractional crystallization is identical. The low forsterite content of olivine in the poikilitic hornblende pyroxenite supports a cumulate origin derived from earlier magmatic event rather than residual peridotite.
4.3 Pressure-temperature conditions recorded in amphibole in poikilitic hornblende pyroxenite
Among the amphiboles, the dark-colored Ti-rich pargasitic amphibole is interpreted as an early crystallization amphibole from the melt. The pressure-temperature conditions recorded in the dark-colored pargasitic amphibole in poikilitic hornblende pyroxenite were estimated using Thermobar (Wieser et al., 2022) based on AmpTB2 of Ridolfi (2021). The pressure conditions are estimated to be in the range of 0.4 GPa–0.7 GPa, and the temperature conditions are estimated to be in the range of 870 °C–940 °C (Gray square in Figure 12). The uncertainty of the estimated pressure and temperature are approximately 15% of the estimated pressure and ±20 °C, respectively. Because the dark-colored pargasitic amphibole in poikilitic hornblende pyroxenite contains ilmenite exsolution lamellae (Figure 3), indicating that the original composition prior to exsolution lamellae formation had a higher TiO2 content than the present composition. To confirm the difference between the original composition and the other brown amphibole without exsolution, the original composition was estimated and applied to the estimation of P-T conditions. The original amphibole composition was calculated based on ilmenite volume. Ilmenite volume was measured using ImageJ software (Schneider et al., 2012) from backscatter images of the ilmenite-bearing dark-colored amphibole core of NSD04 sample (e.g., Figure 3E) and mineral density. The modal abundance of ilmenite was measured to be approximately 2%. The contents of MnO and Cr2O3 were ignored. The total oxide content was recalculated as 98 wt. %, excluding H2O, Cl and F (Supplementary Table S4). The TiO2 content in the reconstituted hornblende composition was 3.4 wt. %. The reconstructed composition likely overestimates the volume of ilmenite. This is due to the strong contrast between bright ilmenite and dark hornblende in the BSE image. The TiO2 content obtained by LA-ICPMS from dark-colored amphibole is less than 3 wt. %, although it may substantially include ilmenite exsolution. Although the reconstructed dark-colored amphibole composition contains uncertainties, its P-T conditions are estimated at 0.47 GPa at 930 °C (solid star in Figure 12), which falls within the P-T conditions inferred from the dark-colored Ti-rich parasitic amphibole.
[image: Graph showing pressure (0 to 1.5 GPa) versus temperature (200 to 1300°C) with curves indicating various mineral stability fields: Kyanite, Andalusite, Sillimanite, and studies by Hiroi et al. (1998), Hiroi & Kobayashi (1995), and Yoneguchi et al. (2021). Annotations include mineral reactions such as Plagioclase in, Olivine out, and Amphibole in under different oxygen conditions. A shaded star marks specific conditions within the framework.]FIGURE 12 | Pressure-temperature (P–T) conditions for hornblende formation in poikilitic hornblende pyroxenite (gray square area). Estimated P-T paths in andalusite-kyanite-sillimanite gneisses of the Nishidohira Formation (Hiroi and Kobayashi, 1996; Yoneguchi et al., 2021), and P-T conditions for staurolite-bearing pelitic metamorphosed xenoliths in hornblende pyroxenite body (Hiroi and Kobayashi, 1995) are also shown. Phase diagram of the primitive magnesian andesite composition from water saturation experiments is from Krawczynski et al. (2012). Abbreviations are follows: Ol, olivine; Cpx, clinopyroxene; Opx, orthopyroxene; Plag, plagioclase; Amph, amphibole; NNO, Ni-NiO buffer.The estimated P-T conditions for pargasitic amphibole formation plot within the amphibole stability field on a phase diagram for a magnesian andesite composition (Krawczynski et al., 2012) (Figure 12). These conditions are observed to lie outside the olivine stability field during the late crystallization stage. This is consistent with the observed rounded morphology of olivine in poikilitic hornblende, suggesting olivine underwent partial resorption by reaction with melt of the formation of poikilitic hornblende.
Yoneguchi et al. (2021) reveal P-T trajectory of pelitic metamorphic rock of the Nishidohira formation. P-T condition of prograde mineral assemblages is estimated as 0.48–0.67 GPa and 530 °C–570 °C, and up to 0.9 GPa from Raman elastic geobarometry on quartz inclusion in garnet (Figure 12). The peak metamorphism is estimated at 139 ± 24 Ma using electron microprobe Th-U-Pb dating of monazite intergrowing. Yoneguchi et al. (2021) also suggested the rapid exhumation of the Nishidohira metamorphic rock, probably the 120–105 Ma thermal event in relation to the activity of younger felsic magmatic intrusion. The estimated pressure conditions and U-Pb zircon dating of poikilitic hornblende pyroxenite formation correspond closely with this magmatic event.
4.4 Relationships between poikilitic hornblende pyroxenite and hornblende gabbro, and implication for the geological evolution of the study area
The spatial and temporal relationship between the poikilitic hornblende pyroxenite and hornblende gabbro strongly suggests that they formed during the same igneous event. Chondrite-normalized REE patterns and primitive mantle-normalized patterns of amphibole generally exhibit similar characteristics, such as relatively higher LREEs than MREE and HREES (Figure 7). It is reasonable to consider that these rocks were formed during the same magmatic event.
The XMg of amphibole in poikilitic hornblende pyroxenite is generally higher than that in hornblende gabbro. The difference in XMg of amphibole in poikilitic hornblende pyroxenite and hornblende gabbro can be explained by the following two scenarios: (1) the formation of the ultramafic rocks prior to gabbroic rocks from the same parental melt, or (2) reaction between pre-existing high-Mg ultramafic rocks and low-Mg melt. Ad discussed in previous sections, the melt composition in involved in the formation of poikilitic hornblende pyroxenite is estimated to be adakitic to high-Mg andesitic composition. Based on this, the second scenario is further considered here. The petrological transition from hornblende-rich ultramafic rocks to hornblende gabbroic rocks is experimentally formed through crystallization during cooling following the reaction between peridotite and hydrated basaltic melt (Wang et al., 2021). Hornblende-rich ultramafic rocks forms through the partial reaction and cooling of pre-existing ultramafic rocks with hydrated melt, whereas hornblende gabbro forms in melt-rich zones. The high XMg composition of amphibolite is buffered by the pre-existing high-Mg ultramafic rocks. Accordingly, the reaction between pre-existing ultramafic rocks and adakite to high-Mg andesitic melts likely forms poikilitic hornblende pyroxenite at low melt/rock ratios and hornblende gabbro at high melt/rock ratios. The relationship between poikilitic hornblende pyroxenite and hornblende gabbro is similar to that between dunitic xenoliths and their host microgabbro in the Kitakami Mountains (Yamasaki and Uchino, 2023).
Trace element content of amphiboles in hornblnede gabbro is, however, slightly lower than in poikilitic hornblende pyroxenite. Light REEs tend to be relatively lower in hornblende gabbro than in poikilitic hornblende pyroxenite. The strong negative anomalies of U and Th are more pronounced in hornblende gabbro than in poikilitic hornblende pyroxenite. Titanite and apatite, which are Ca-bearing mineral with high concentrations of trace elements, are present in fairly significant amounts in hornblende gabbro (Figure 4). The trace element patterns of amphibole in hornblende gabbro are interpreted to have been influenced by the crystallization of titanite and apatite from a melt. The shape of plagioclase is generally not subhedral to euhedral (Figure 4), indicating that plagioclase is a late crystallization phase. The phase diagram for high-Mg andesite compositions at higher than 0.5 GPa (Figure 12) is consistent with that plagioclase is a later crystallizing phase than amphibole. The early crystallization of Ca-rich minerals such as amphibole, titanite and apatite led to depletion of Ca and trace element abundance in the fractionated melt. This is thought to be the reason why the plagioclase in hornblende gabbro has low anorthite content, despite the melt forming hornblende gabbro having a high-water content.
The contemporaneous adakitic magmatism across both the Abukuma and Kitakami regions implies a large-scale tectonic event in this region. The Early Cretaceous adakitic magmatism in the Kitakami Mountains was interpreted by the subduction of an oceanic spreading ridge (Tsuchiya et al., 2005; 2007; 2015). During the Early Cretaceous, the northeast Japan was an active continental margin on the eastern edge of the Eurasian plate, where the Izanagi (or Kula) plate was subducting westward (Maruyama et al., 1997; Seton et al., 2012). The presence of adakitic magmatic activity in both Kitakami and Abukuma Mountains strongly supports a period of unusual thermal conditions in the subduction zone at eastern margin of the Eurasian plate, likely caused by the subduction of a young and consequently hot oceanic plate.
5 CONCLUSION
This study comprehensively investigates the petrogenesis of a unique poikilitic hornblende pyroxenite from the southern Abukuma Mountains, Northeast Japan. The poikilitic hornblende pyroxenite represents a key lithological record of Early Cretaceous adakitic magmatism. Petrological and geochemical analyses of the poikilitic hornblende and other minerals demonstrate that the pyroxenite formed through the infiltration and reaction of adakitic to HMA melts with pre-existing ultramafic rocks. Geochronological data from zircon yields a consistent magmatic age of 116–117 Ma for both the poikilitic hornblende pyroxenite and coeval hornblende gabbro. This adakitic influence is not an isolated phenomenon, as similar-aged adakitic magmatism is documented across the Kitakami Mountains, Northeast Japan. This process provides a petrological link to a large-scale, unusual thermal event in the Early Cretaceous subduction zone along the eastern Eurasian plate margin, most plausibly attributed to the subduction of a young, hot oceanic plate (Izanagi or Kula Plate).
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