
American Mineralogist, Volume 111, pages 303-314, 2026

Incongruent melting of garnet during garnet-spinel transition and its
implication for lithospheric exhumation

DONGYA ZOU1,*, ANPING CHEN2, HONGDAN DENG1, XIAOYAN GU1, HONGFU ZHANG1,
HUITING ZHANG3, AND YANTAO HAO1

1Research Center for Earth and PlanetaryMaterial Sciences, School of Earth Sciences, Zhejiang University, Hangzhou 310058, China
2Department of Geology, Northwest University, Xi’an 710069, China

3College of Geology and Environment, Xi’an University of Science and Technology, Xi’an 710054, China

ABSTRACT

The phase transition of garnet-spinel is one of themajor parameters that affect lithosphere dynamics.
The transition processes of garnet to spinel, however, remain unclear. Spinel-pyroxene symplectites
around garnet from one olivine-websterite xenolith hosted by the Cenozoic Xilinhot basalts in northeast
China were investigated in this study to decipher the transition processes of garnet to spinel and
their implications for the Cenozoic episodic lithospheric exhumation of northeast China. Symplectites
occur as two concentric coronae surrounding relict garnet or as pseudomorphs of garnet grains. The
outer symplectite is made of relatively coarse-grained assemblages of orthopyroxene� spinel�
clinopyroxene and exhibits a large range of mineral and bulk chemical compositions. It contains more
Mg and less Al relative to relict garnet. The inner symplectite is a radial arrangement of intergrown fine-
grained orthopyroxene� spinel ± glass ± clinopyroxene. Mineral and glass compositions show wide
variations within each inner symplectite, but the bulk compositions are relatively homogeneous and
show close affinities to the garnet relics. These observations demonstrate that the outer symplectite
was formed by a slow reaction between garnet and olivine, whereas the inner symplectite is inferred
as a rapid isochemical breakdown product of garnet. The Na- and K-poor glass in the inner symplectite
could be the in situ melt from the decomposition of garnet, providing the first physical evidence of
incongruent melting during the garnet-spinel transition. Combined with geothermobarometer and
P-T pseudosection calculations, a slow-to-fast phase transition from garnet to spinel was discerned
in the lithospheric mantle beneath northeast China during the Cenozoic, resulting from heating and
decompression. These processes could be induced by asthenosphere upwelling and lithospheric exten-
sion associated with the Pacific subduction during the Cenozoic. We speculate that outer symplectite
formed before the Miocene, whereas the inner symplectite has only begun to form since the Miocene
due to enhanced lithospheric extension. Therefore, the two-stage phase transition in the lithospheric
mantle could reflect the two-stage lithospheric exhumation of northeast China during the Cenozoic.

Keywords: Incongruent melting, garnet breakdown, garnet-spinel transition, lithospheric
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INTRODUCTION

Phase transitions with strong rock density influences and
resultant volume changes play an important role in the vertical
surface movement of the Earth (Podladchikov et al. 1994).
Numerical and analytical studies have shown that the garnet-
spinel transition leads to a moderate decrease in the density
(∼30–40 kg/m3) of the lithospheric mantle, resulting in syn-rift
uplift in the extending lithosphere (Kaus et al. 2005; Podladchi-
kov et al. 1994; Simon and Podladchikov 2008). However, the
transition processes of garnet to spinel are poorly understood.

Spinel-pyroxene symplectites are observed most frequently
in garnet-bearing mantle xenoliths, and most of them are
associated with the garnet-spinel transition (Falus et al. 2007;
Godard and Martin 2000; Morishita and Arai 2003; Obata
2011; Sapienza et al. 2001). Dawson et al. (1978) suggested that
solid-state recrystallization by compositional diffusion could be

responsible for the transformation of garnet- to spinel-facies
peridotite. Incongruent melting of garnet and partial crystalliza-
tion of the resultant melt were proposed by Hunter and Taylor
(1982) as a formation mechanism of symplectite around garnet.
Obata (2011) and Špaček et al. (2013) also emphasized the
crucial role of melts/fluids during the garnet-spinel transition.
However, the ubiquitous quenched glasses observed in natural
retrogressed garnet often show enrichments in alkalis and
volatiles, indicating a metasomatic melting (Hunter and Taylor
1982; Špaček et al. 2013).

Although in situ melt during the initial breakdown of garnet
was observed in experiment (Ezad et al. 2022), it has not been
identified in natural samples until now. Fortunately, such in
situ melts were found in symplectites around garnet in garnet
peridotite/pyroxenite xenoliths hosted by Cenozoic basalts
from the Xilinhot region in northeast China. We believe this
to be the first natural physical evidence of the presence of in
situ melt that mediates the garnet-spinel transition processes.
In addition, the lithosphere of northeast China underwent* Corresponding author E-mail: zoudongya@zju.edu.cn

0003-004X/26/0002–303$05.00/DOI: https://doi.org/10.2138/am-2025-9809 303

mailto:zoudongya@zju.edu.cn
https://doi.org/10.2138/am-2025-9809

	Incongruent melting of garnet during garnet-spinel transition and its implication for lithospheric exhumation
	Introduction
	Geological Setting
	Symplectite Descriptions
	Methods
	Minerals
	Bulk Symplectite

	Results
	Glass
	Orthopyroxene
	Spinel
	Clinopyroxene
	Bulk Symplectite
	P-T Modeling and Geothermobarometry

	Discussion
	Outer Symplectite: Reaction of Garnet and Olivine
	Inner Symplectite: Isochemical Breakdown of Garnet
	Geological Implications

	Concluding Remarks



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Web Preset MSA update'] for MSA website and GeoscienceWorld)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (CenveoFlattener_Preset)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 20.879999
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




