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absTracT

We present a numerical modeling approach to infer timescales of the exhumation and cooling 
history recorded in the chemical composition of minerals in a garnet pyroxenite from the Granulit-
gebirge, Saxony/Germany. The studied sample contains remarkable exsolution textures from former 
megacrysts that produced up to millimeter-wide, alternating lamellae of garnet (Grt) and clinopyroxene 
�&S[���&RPSRVLWLRQDO�SUR¿OHV�RI�PDMRU�DQG�PLQRU�HOHPHQWV�PHDVXUHG�ZLWK�WKH�HOHFWURQ�PLFURSUREH�
perpendicular to the Grt-Cpx interfaces reveal systematic zoning patterns for Fe, Mg, Al, Si, Cr, Ti in 
clinopyroxene and Ca, Fe, Mg, Mn in garnet, respectively. In addition to simple thermal modeling that 
is used to constrain the conditions of emplacement of the Granulitgebirge Massif at shallow crustal 
OHYHOV��ZH�FRPELQH�WKHUPRG\QDPLF�GDWD�ZLWK�D�QXPHULFDO�¿QLWH�GLIIHUHQFH�VFKHPH�WKDW�VLPXODWHV�JURZWK�
and simultaneous diffusive exchange between garnet and clinopyroxene along a virtual cooling path. 
7KH�ODWWHU�PRGHO�DVVXPHV�ORFDO�HTXLOLEULXP�DW�WKH�LQWHUIDFH��'LIIXVLYH�ÀX[HV�DUH�FRQVWUDLQHG�E\�PDVV�
balance. It is shown that zoning patterns such as Fe-Mg exchange between garnet and clinopyroxene 
FDQ�EH�XVHG�WR�H[WUDFW�FRROLQJ�UDWHV�DQG�WKXV�WLPHVFDOHV�RI�H[KXPDWLRQ��ZKLOH�WKH�SUR¿OHV�IRU�WKH�PLQRU�
HOHPHQWV�DUH�SURYLVLRQDOO\�UHODWHG�WR�WKH�JURZWK�KLVWRU\�RI�WKH�ODPHOODH��)XUWKHUPRUH��]RQLQJ�SUR¿OHV�
in the lamellae can only be reproduced with ultrahigh cooling rates similar to contact metamorphic 
conditions. This in turn, suggests that the massif was emplaced at temperatures above 900 sC in 
agreement with the observed spatial extent of a contact aureole within low-grade metasedimentary 
rocks surrounding the granulite massif as predicted by thermal modeling. Exhumation of the massif 
without cooling below 900 sC requires an exhumation rate of several centimeters per year. Thus, we 
propose an almost isothermal exhumation period of c1 Ma followed by isobaric cooling from 900 to 
600 sC within less than 10 ka.
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inTroducTion

Metamorphic textures and mineral compositions are records 
of complex geodynamic processes such as subduction, orogen-
esis, or exhumation. Determination of pressure and temperature 
conditions at various stages is one of the key tools to constrain 
the evolution of rock units on a larger scale. Commonly, ther-
modynamic calculations are used to infer P-T conditions based 
on observed phase assemblages and mineral compositions. The 
use of thermodynamic data is founded on the assumption that 
SKDVHV� LQ� D� JLYHQ� VDPSOH� DUH� HIIHFWLYHO\� DEOH� WR� DGMXVW� WKHLU�
composition up to a certain point in time and remain perfectly 
closed afterward, i.e., without any further exchange reaction 
on the retrograde path. Especially in medium to high-grade 
metamorphic rocks this assumption is questionable as virtually 

every system, evolving along a T-t�SDWK��LV�VXEMHFW�WR�GLIIXVLYH�
re-equilibration to different extents. In the last decade, an in-
creasing number of studies investigated non-equilibrium aspects 
with regard to textural and compositional records in rocks on 
various scales (e.g., Roselle et al. 1997; Müller et al. 2004, 2008, 
2010; Gaidies et al. 2008a, 2008b, 2011; Caddick et al. 2010). 
5DWKHU�WKDQ�D�OLPLWDWLRQ��WKH�LQFRPSOHWH�UHDGMXVWPHQW�RI�PLQHUDO�
compositions during metamorphism should be regarded as an 
additional source of information on the mechanism and rates of 
processes, such as element/isotope exchange during large-scale 
geodynamic processes with significantly changing P-T condi-
tions (see also review by Müller et al. 2010). Lasaga (1983) 
published a landmark paper in which he used the temperature 
GHSHQGHQW�DELOLW\�RI�GLIIXVLYH�FRPSRVLWLRQDO�DGMXVWPHQW�WR�LQIHU�
exhumation rates based on the cooling history recorded in diffu-
sion profiles of elements in minerals that led to the concept of 
“geospeedometry”. While the original focus of this approach was 
on exhumation rates, i.e., the determination of speed in mm/year, 
it has also often been misleadingly used to estimate timescales of 
igneous and metamorphic processes (for a detailed description 
see review by Costa et al. 2008). However, the concept of the 

American Mineralogist, Volume 100, pages 747–759, 2015

0003-004X/15/0004–747$05.00/DOI: http://dx.doi.org/10.2138/am-2015-4946      747 

* Present address: School of Earth and Environmental Sciences, 
Institute of Geophysics and Tectonics, University of Leeds, 
Leeds, LS2 9JT, U.K. E-mail: t.mueller@leeds.ac.uk
† Special collection papers can be found on GSW at http://ammin.
geoscienceworld.org/site/misc/specialissuelist.xhtml.


