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Introduction:  The nakhlite SNCs are clinopyrox-

enites thought to have crystallised as cumulates within 

a thick basic-ultrabasic lava flow or shallow (~100 m) 

intrusion on Mars 1.3 Ga [1,2].  They contain evidence 

of water-based weathering processes on their parent 

body-Mars.   This is in the form of secondary alteration 

assemblages present in olivine fractures and also with-

in the mesostasis [2].  The secondary mineral assem-

blages include siderite, clay-like phases and evaporite 

salts [1,2].  The nakhlites are also thought to sample 

different depths relative to one another e.g. with the 

Yamato 000593/749 rocks (and MIL03346) at the top 

and Lafayette at the base [1,3].  We report the results 

of a Transmission Electron Microscopy (TEM) and 

Electron Probe Micro Analysis (EPMA) study of Nak-

hla, Lafayette, Y000593, Y000749 and GV in order to 

document in more detail how the mineralogy of the 

secondary mineral assemblages within olivine fractures 

and mesostasis varies between the nakhlites.  We aim 

to provide a model to help explain the formation of the 

secondary alteration assemblages across the nakhlites 

which could explain recently identified phyllosilicate 

and carbonate on the martian surface [4,5].   

Methods:  All five nakhlite samples as thin po-

lished sections were initially analysed with Scanning 

Electron Microscopy (SEM).  The Phillips XL30 

ESEM and FEI Sirion Field Emission Gun (FEG)-

SEM of UL’s Advanced Microscopy Centre (AMC) 

were used for this.  Alteration products within the oli-

vine were imaged in more detail and further analysed 

by Energy Dispersive X-ray Spectroscopy (EDX).  The 

FEG-SEM and ESEM are equipped with a PGT EDX 

system and Oxford Instruments INCA spectrometer.   

EDX spectra and X-ray maps were made at 15 kV and 

20 kV accelerating voltage respectively.  Electron 

Probe Micro Analysis (EPMA) was also performed on 

the samples.  A Cameca SX100 was used in the De-

partment of Mineralogy, NHM.  The microprobe was 

operated at 20 kV accelerating voltage with a beam 

current of 20 nA.  Alteration products within the oli-

vine veins were analysed in phases with width ~5 µm 

or more in an attempt to constrain interaction volumes 

within individual phases. 
For TEM, A dual Focussed Ion Beam (FIB-SEM) 

technique was used for TEM sample preparation, 

enabling in situ sectioning of specific micron-sized 

areas of interest.  An FEI Quanta 200 3D with a Ga
+
 

ion beam was used at UL; milling approximately 70-

110 nm thick wafers containing a section of the sec-

ondary assemblage(s).  They were extracted in situ 

using the Omniprobe extraction mechanism onto the 

Omniprobe copper grids [6].  A Jeol 1200 TEM with a 

PGT EDS system was used for analyses of the ex-

tracted veins and standards.  Its LaB6 source was oper-

ated at 200 kV and 109-111 μA emission current.  

Bright field imaging, High Resolution TEM, TEM-

EDX, and Selected Area Electron Diffraction (SAED) 

were performed on the TEM samples.  Qualitative 

EDX was typically performed for 200 s using a 25 nm 

spot size.  Some spectra were acquired for longer times 

on smaller phases, with spot sizes such as 15 and 10 

nm.
 

Results:  All of the nakhlites studied - La-

fayette, Nakhla, GV, Y000593, Y000749 have frac-

ture-filling veins in the olivine which consist largely of 

amorphous hydrated silicate – a gel.  Sawtooth shaped 

veins in Lafayette at the bottom of the pile contain a 

siderite-smectite-ferrihydrite-hydrated silicate gel as-

semblage.  TEM suggests progressive cooling and oxi-

dation of a fluid which initially precipitated siderite 

along the vein margins [6,7].  This has been corroded 

and replaced by coarsely crystalline clay.  Zones of 

coarse clay transition to finer grained clay and ferrihy-

drite. eventually leading to the gel in the centre of the 

veins.    

    
Fig. 1.  Bright Field TEM of Lafayette veins.   (A) Transition 

from phyllosilicate to gel within vein.  (B) HRTEM image of 

coarse phyllosilicate found in Lafayette. Average lattice 

spacing of ~1 nm is consistent with a smectite (sapo-

nite/nontronite) like structure.   

The crystalline clay in Lafayette is a smectite 

chemically close to saponite composition but with un-

usually large amounts of Fe and is also structurally 

close to a nontronite standard analysed by SAED.  

Corresponding veins in Nakhla and GV further up the 

pile predominantly contain a siderite-gel assemblage, 

with additional evaporites including gypsum.  In 

Y000593, veins are only dominated by the gel.  Traces 

of S are concentrated along the edges of silicate gel 
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veins, sometimes with minor Cl and K.  These are re-

gions where it seems that the olivine has been altered 

to a partially crystalline silicate (Fig 2C). 

          
Fig. 2.  Representative veins of Nakhla and Y000593.  (A) Bright 
field TEM of a fine grained siderite zone associated with the gel in 

Nakhla.  Inset shows [-1 0 0] diffraction of Sd (B) Gypsum zone 

with gel in Nakhla.  (C) Gel in Y000593 with some partially broken 
down olivine along the margins.  Inset shows amorphous diffraction 

signature of the gel across all nakhlites.  (D) TEM EDX spectra of 

the gel in Y000593.  Sd Siderite, Gyp Gypsum, Gel amorphous Fe-
Mg-Al Silicate. 

EPMA of the gel in each of the nakhlites shows its 

composition to be a hydrated Fe-Mg-Al silicate (Fig.  

3D).  The gel’s Mg/Mg+Fe ratio (Mg#) decreases from 

Lafayette to GV to Nakhla and then Y000593.  The gel 

of Lafayette has a similar Mg# to the coarse smectite 

but is marginally higher in Fe + Si abundance Fig. 3.  

(A).

 
Fig. 3. Normalised Fe v. Si wt% of the gel phase across 

across all of the nakhlites and Lafayette phyllosilicate.  (B) 

Mg/Mg+Fe at. v. Fe/Si wt% of the nakhlite gel and Lafayette 

phyllosilicate. 

TEM observations coupled with Fe and silica 

enrichment from the clay to gel suggest that later stag-

es of rapid cooling of the nakhlite fluid led to precipi-

tation of the gel in the centre of the veins.  These final 

‘pulses’ of fluid also seem to be related to a single flu-

id evident.  The volume of alteration minerals in La-

fayette is highest (10% of olivine) followed by 

Y000593 (4%) and similar volumes for Nakhla and 

GV (3%).                                                                                                                                                                                                                                                                                                                                                                     

Nakhlite Hydrothermal Cell:  Compositional fractio-

nation of the gel suggests the nakhlite hydrothermal 

fluid flowed up this depth profile.  Based on this the 

hydrothermal fluid may have been initiated by melting 

buried H2O-CO2 below the base of the nakhlite parent 

body.  Our results suggest that the siderite and Fe-

smectite formed at close to neutral pH, 100-170 
o
C.  

Relatively low water to rock ratios (W/R) of 1-10 may 

have occurred in Lafayette [8] with even smaller val-

ues for the other nakhlites.  This is also reflected in the 

relative volume of alteration minerals within the dif-

ferent nakhlites.  Textural evidence of rapid cooling by 

TEM, together with the W/R and likely fluid velocities 

[9], imply that the secondary assemblages formed 

within months.  The sawtooth fracturing found espe-

cially within Lafayette, Nakhla and GV has led us to 

propose a model describing the formation of secondary 

assemblages in the nakhlites by an impact-induced 

hydrothermal system terminated by precipitation of the 

amorphous gel and evaporation of soluble salts [2,6].  

The similarity between the nakhlite secondary assem-

blages and those recently identified on Mars [4,5] also 

suggest that impact-induced hydrothermal alteration 

was a major process in the alteration of the near-

surface of Mars.    

                                                                                                                                 

 
Fig. 4.  Diagram illustrating the variation in the types of 

veining found between the Lafayette, GV, Nakhla and Yama-

to nakhlites in an impact-induced hydrothermal system.  The 

fluid (indicated by curved arrows) flows in the direction from 

Lafayette to Nakhla through impact-induced fractures culmi-

nating in final evaporation of the fluid [6].   
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