
Author comments (AC) and manuscript changes (MC) on interactive comment by K. Mahan 

(kevin.mahan@colorado.edu) 

 

1) The first has to do with organization and lack of necessary background information. Much of the 
necessary information appears to have been published already in Wex et al. (2017, Tectonics), but more 
than citations to that work need to be presented here. For example, there is a distinct need for some 
description of the “starting material” that was reworked in this shear zone, or at least some description 
of representative lithologies, assemblages, and estimated equilibrium conditions for those starting 
assemblages (presumably Musgravian). This has important implication for the authors’ interpretation 
that the fluid source was the lower plate and that the shear zone system was essentially “closed.” The 
lower plate rock is currently described as “upper amphibolite-facies during Musgravian without further 
details. But were these rocks reworked by the Woodroffe deformation in a retrograde or prograde sense? 
If prograde, then they could conceivably produce free fluid internally through dehydration reactions. 
But if in a retrograde sense, then they would have consumed water, if present, rather than produce it.  

AC/MC: Our geological introduction was indeed very concise. Following the reviewer’s suggestion, 
we have extended the geological introduction of the manuscript to provide additional information 
regarding the Musgravian Orogeny “starting material” and the estimated metamorphic conditions, also 
in comparison to the metamorphic overprint during the Petermann Orogeny. 

__________________ 

2) The authors could call upon dehydration-driven fluids from deeper levels in the footwall, but then it 
is not a “closed system.” The whole calcite and O and C isotope story seems to point to an external 
source of fluid too. 

AC: Carbon indeed cannot have an immediately local source, because the studied rocks are initially 
entirely non-carbonaceous. With regard to carbon the system is clearly not closed. We tried to further 
constrain the origin using stable isotopes. Unfortunately, the whole calcite isotope story is not 
conclusive, and our current conclusions based on this data therefore rather speculative. However, our 
observations and data clearly indicate that the source of the hydrous fluids and that of carbon are not the 
same. The external carbon source does therefore not provide any constraints for the source of the hydrous 
fluids. We do not argue that dehydration-driven fluids originate from deep levels in the footwall, but 
immediately from within the local, exposed footwall units. This would represent a closed system with 
regard to the aqueous fluids.  

MC: The interpretation of the calcite isotopic data, has been formulated into more restrained statements 
(see comment 25) and moved to the appendix in the revised version. 

__________________ 

3) Some clarification is needed, and probably a summarization of what Wex et al. (2017) learned about 
these rocks in the previous study would help a lot.  

AC: Where necessary, Wex et al. (2017) is cited and, where appropriate, we now provide additional 
information, e.g. that P-T conditions were determined via conventional geothermobarometry rather than 
just stating the derived numbers. We have avoided providing an extensive and detailed report of the 
results previously published in Wex et al. (2017), as that would result in unnecessary lengthening of the 
manuscript. The current manuscript was submitted subsequently to the published companion paper of 
Wex et al. (2017) in order to allow a systematic development and avoid repetition of previously 
published data. 

MC: Additional information on how Wex et al. (2017) constrained the syn-kinematic P-T conditions 
and the interpreted meaning of these values has been added. 

__________________ 



4) This suggestion extends to the pseudotachylyte system as well, which is used in the current study but 
with very little description what their role in the evolution of the shearing history is. 

AC: The pseudotachylyte system and associated microstructures are only of marginal relevance to the 
current paper, which is why they were not presented in full detail. These aspects will be thoroughly 
presented in a follow-up companion paper, which particularly focuses on the brittle-ductile interplay 
(pseudotachylytes vs. mylonites) and pseudotachylyte development at mid-crustal depths. The proposed 
manuscript has already been compiled and is ready for submission once the current manuscript is 
published. The current manuscript will provide some relevant background information for this 
forthcoming paper, as the paper by Wex et al. (2017) has provided necessary background information 
for the current submission.  

__________________ 

5) The authors mention evidence for two stages of deformation at different conditions in the shear zone 
and give P-T conditions, but does that really reflect distinctly different time periods?  

AC: The mentioned two stages of deformation are differentiated on the basis of microstructure and 
petrology and interpreted to represent different time periods during shearing along the Woodroffe 
Thrust, as discussed in detail in Wex et al (2017). We agree that mentioning this aspect might be 
confusing to the reader, because it is not crucial in the current manuscript.  

MC: Since this information is not relevant to the current manuscript we have omitted those parts 
making reference to the presence of two different stages of deformation. 

6) What is the basis for “regional temperature gradient” that is shown in Fig. 8 and 10??? There is no 
description of where that came from other than a citation to Wex et al. (2017), but it basis is pretty 
critical this proposed story and interpretations here too.  

AC: As discussed in comment 3), we have now added the information that P-T conditions were 
constrained from conventional geothermobarometry. We provide this information where we first 
referenced Wex et al. (2017) in reference to the estimated P-T conditions. Then, for subsequent 
references to the temperature gradient and to the P-T estimates (for instance in Fig. 8 and 10), a simple 
reference to Wex et al. (2017) should be sufficient.  

MC: Additional information on how Wex et al. (2017) constrained the syn-kinematic P-T conditions 
and the interpreted meaning of these values has been added. 

__________________ 

7) I suggest the authors start early in the manuscript with a description of the sampling strategy as 
essentially on a N-S transect like that shown at the bottom of the current Fig. 8 – that is easy to see and 
easy to keep referring to, but show it in a simplified form earlier than in the 8th figure.  

AC: The locations of all samples are clearly given in Figure 1, the very first figure of the paper. 

MC: In section 3, we now state explicitly that samples were collected “along a N-S traverse, parallel to 
the direction of thrusting”. 

__________________ 

8) Right now, the fact that sample localities are broken into various northern and southern plus/minus 
central groups based on different datasets is convoluted. For the bulk Th measurements, “northern” is 
locations 1 through 6. According to Fig. 8, station 7 is plots more northerly than 6 so you really should 
include 7 too. But for plagioclase stability, “northern” is stations 1 through 9. And for abundance of 
hydrous minerals, “northern” is only stations 1 through 5. Stop all of the group attempts and simply 
show how the various observations and data change along the transect – the trends will be the same 
and much easier to follow. 

AC: We agree that this is aspect can cause confusion to the reader.  



MC: We followed the reviewer’s suggestion and stopped our attempts of grouping locations. We now 
only refer to trends. 

__________________ 

9) The final major point is that the beginning of the discussion on feldspar breakdown reactions and 
fluid activity in sections 8.1 and 8.2 is vague and not particularly strong. How can reactions 1 and 2 be 
pitted against one another when they reflect different chemical systems? One has K in it and the other 
does not. There is another vague reference to Wex et al. (2017) for plagioclase chemical variability 
during recrystallization (dynamic?) but no details – this information is important to the discussion and 
should be explained in more detail, either here or earlier in the manuscript in a summary of the earlier 
study.  

AC: We only pit reactions 3 and 4 against each other as these are competing reactions. Reactions 1 and 
2 are not meant to be pitted against each other, but to explain the different microstructures 1 and 2, 
which potentially arise due to the different availability of K. 

MC: As additional information, we now state the composition of recrystallized feldspar and also the 
fact that recrystallization was dynamic. 

__________________ 

10) There is a claim of “coeval development” of a (synkinematic?) dry assemblage and a wet one in the 
same rock with reference to S5. But the figure in S5 only shows a dry assemblage, and it is a static 
texture (could that be Musgravian even?). 

AC: The static microstructural overprint in S5 is consistent with the observations made in other 
deformed and undeformed samples which have been overprinted during the Petermann Orogeny. We 
agree that the appendix figure was actually more confusing than helpful to the reader, which is why we 
dropped it. 

MC: Appendix S5 and its respective reference in the manuscript have been omitted. 

__________________ 

11) The claim that fluid activity has been “quantified” is not justified; this is a qualitative evaluation, 
not a quantitative one. However, there is still a convincing case that there was indeed more water in the 
north than in the south; but the case is currently overstated in terms of what has really been constrained 
petrologically. 

AC/MC: A valid point: we have replaced “quantified” with “estimated”, reflecting the fact that the 
estimations are only qualitative. 

__________________ 

12) Lines 75-80: What is the significance of these earlier mylonites? 

AC: We included these earlier mylonites for the sake of keeping the geological history complete. 
However, we agree that this is only confusing to the reader. The mylonites are described in more detail 
in Wex et al. (2017), but are not relevant to the current manuscript. 

MC: The mentioning of the earlier mylonites has been omitted from the manuscript, because they are 
not relevant here and were not further discussed. 

__________________ 

13) Lines 90-95: Two stages of deformation and P-T conditions are given, but only one long set of 
“stable” mineral assemblages is given. Stable with respect to which stage? 

AC: We agree that this aspect is confusing to the reader. As discussed in comment 5), the mentioned 
two stages of deformation are irrelevant to the current paper, which is why only a single list of minerals, 
those stable during the Petermann Orogeny, is given. Since the mentioning of the two stages has now 
been dropped, a single list of minerals is sufficient. 



__________________ 

14) Section 5.1: Can an estimated error be quoted for the Th measurements? 

AC/MC: Measurements were run until the error was < 10% (stated in appendix S1). We now provide 
this information also in the manuscript. 

__________________ 

15) Line 187: switch 6 ppm and 8 ppm 

AC/MC: done. 

__________________ 

16) Fig. 4: how is the lower bound of the mylonite zone defined and how well is that constrained? 

AC: The lower bound of the mylonite zone is defined by the initial appearance of Petermann mylonitic 
foliation well characterized by the trend of the stretching lineation and by the top-to-north kinematic 
indicators. Due to the gradual and irregular nature of the mylonite zone, with high-strain shear zones 
surrounding less to little deformed low-strain domains on the metre- to kilometre-scale, the lower bound 
is less well defined than its upper counterpart, but on the whole still reliable. 

MC: The information that the lower bound is defined by the initial appearance of mylonites with 
Petermann kinematics is now provided. 

__________________ 

17) Fig. 5: Airborne Th maps – how sensitive is this measurement to depth? What is the thickness of the 
Kelly Hills klippe? Could that be a contributor to increased Th signal? 

AC: As stated by Jones and Schreib (2007): “The gamma ray signal for natural radioisotopes in rocks 
comes almost entirely from the top 35 cm (IAEA, 2003)”, thus making the thickness of the Kelly Hilly 
klippe irrelevant to the increased Th signal. 

D G JONES AND C SCHEIB. 2007. A preliminary interpretation of Tellus airborne radiometric data. British Geological 
Survey Commissioned Report, CR/07/061. 70pp. 
 
IAEA. 2003. Guidelines for radioelement mapping using gamma ray spectrometer data. International Atomic Energy Agency 
IAEA-TECDOC, 1363, pp. 173. 
 
MC: This clarification, together with the references, has now been added. 
__________________ 

18) Line 207: Why assume all PST is in the hanging wall? 

AC: We did not want to give the impression that pseudotachylytes were exclusively restricted to the 
hanging wall, since this is clearly not true. However, it is evident from field observations that the largely 
unsheared pseudotachylyte breccias in the hanging wall are locally sheared and dragged into the 
Woodroffe Thrust mylonitic zone. 

MC: The statement has been reformulated into: “Similar field relationships, such as progressive 
downwards mylonitization of units clearly forming part of the hanging wall, also indicates limited 
reworking of the Fregon Subdomain at locations 4 and 6 (Fig. 5)”. 

__________________ 

19) Section 6.2: indicate whether these measurements are in interpreted hanging wall or footwall 

AC/MC: This information is now provided in the Appendix Table S1. 

__________________ 

20) Section 7: why do this only on the PST? Why not directly on the host rocks? 



AC: Pseudotachylytes have been identified as preferred discontinuities for nucleation of shear zones 
under mid- to lower crustal conditions. 

MC: This concept is now included at the beginning of section 7 with an extensive list of supporting 
references. 

__________________ 

21) Fig. 9 – not needed 

AC/MC: Fig. 9 has been deleted. 

__________________ 

22) Line 320: Na is not considered either. Iron could also come from Bt or garnet. 

AC/MC: The equations presented are indeed very simplified but are only taken as indicative of the 
reactions involved. Biotite and garnet have been added as potential sources of iron. 

__________________ 

23) Fig. 8 and 10 – where does the regional temperature gradient come from and what is its 
interpreted meaning? 

AC: This aspect is discussed in comments 3) and 6). 

MC: Additional information on how Wex et al. (2017) constrained the syn-kinematic P-T conditions 
and the interpreted meaning of these values has been added. 

__________________ 

24) Line 360 – did not quantify water activity 

AC: We have replaced “quantified” with “estimated”. 

__________________ 

25) Section 8.3.2 – this all supports an external fluid source; so how to reconcile? 

AC: Our data does not allow us to reconcile towards a single fluid source. Our observations and results 
indicate that the H2O and CO2 each originated from different sources. We argue in favour of an internal 
source for the hydrous fluids, whereas the fact that we observe syn-kinematic calcite growth in otherwise 
non-carbonaceous rocks clearly indicates that carbon was introduced externally. Additional stable 
isotopic analysis on calcite, unfortunately, did not provide any significant constraints, allowing no 
further conclusions to be drawn without speculation.   

MC: The interpretation of the isotopic analysis have been shifted entirely into the appendix with only a 
short summary of the isotopic results provided in the main manuscript. The potential mantle source as 
the most likely source has been dropped. The different possibilities are still presented in the appendix, 
however we reconcile by not trying to over interpret our isotopic results, since they are simply not 
conclusive enough.  

__________________ 

26) Line 422-23: distinguish “water weakening” from simply a rheologically weaker assemblage 
(e.g., higher mica abundance?) 

AC/MC: done. 

__________________ 

27) Line 437: this also argues against a “closed system” 



AC: We agree that our argumentation, that the generally low abundance of hydrous minerals in both 
hanging wall and footwall in the “dry” southern locations potentially promoted a similar rheological 
response in both units, is indeed rather speculative. It is, in fact, also not supported by our Table 4. 

MC: We decided to drop the mentioned statement and now solely argue that the local reworking of the 
lowermost hanging wall was guided by the presence of pseudotachylyte.    

__________________ 

28) Line 450-451: clarify why increasing fluid-rock interaction would result in volume loss? 

AC: We admit that there is no evidence for volume loss associated with fluid-rock interaction. 

MC: The statement is omitted in the new manuscript version. 

__________________ 

 



Author Comment (AC) and manuscript changes (MC) on interactive comment by F. Fusseis 

(florian.fusseis@ed.ac.uk) 

 

1) First, I find it curious that the authors miss the opportunity to discuss the significant increase in shear 
strain due to the narrowing of the Woodroffe thrust from south to north in light of the strain softening 
mechanisms they envisage. The relatively lapidary last sentence of the discussion (line 463) does, in my 
eyes, not explain why the Woodroffe thrust is six-fold narrower in the north, especially if the wetter 
conditions do not account for the pronounced strain localization there. The observation that the thrust 
narrows so dramatically would invite a more detailed discussion of the microstructural developments 
along the strain gradients in the north and south, or, in other words, the strain-dependent evolution of 
the mylonites. Which mechanisms accommodate strain softening in the north and south? Is it possible 
that the shear zone progressively narrowed during shearing, in analogy with Means’ (1995) type 2 shear 
zones? If so, does this apply to the entire Woodroffe thrust? And if not, why not? I would invite the 
authors to include a more detailed microstructural description of the evolution from host rock to 
ultramylonite in both, northern and southern sections, and then integrate these into the discussion of 
their findings in light of the questions above. 

AC/MC: After reconsideration, we agree with the reviewer that our previous conclusion that the 
narrowing is exclusively controlled by temperature is probably too restrictive and not justified. The last 
sentence of the discussion has therefore been extended into a more detailed discussion on the potential 
role of aqueous fluids as an additional or alternative explanation for the narrowing of the Woodroffe 
Thrust from south to north. We have updated the discussion to argue that an increase in the water content 
to the north would potentially result in an increase of the effective viscosity ratio between footwall and 
hanging wall, potential causing a stronger localization toward the interface and a narrower mylonite 
zone that extends less into the stronger material. Indeed, we envision a progressive narrowing of the 
Woodroffe Thrust with time, in analogy with Means’ (1995) type 2 shear zones. Microstructural and 
petrological evidence for this is found in the southern outcrops of the Woodroffe Thrust, with the 
temporal development in detail discussed by Wex et al. (2017). A detailed discussion of the 
microstructural developments along the strain gradients in the north and south, as requested by the 
reviewer, has been carried out in the overall framework of our study of the Woodroffe Thrust, but has 
been drafted into a follow-up companion paper, which focuses particularly on the microstructural 
gradients parallel to the thrusting direction and the inferred deformation mechanisms in quartz and 
feldspar, as characteristic for middle to lower continental crust. 

__________________ 

2) Second, the mantle source of the CO2-dominated brines. If these are indeed mantle-derived, how did 
they migrate along the shear zone? Was there some form of synkinematic porosity? If there was a fluid 
migrating along the Woodroffe thrust, what was its micromechanical effect in both, the northern and 
southern sections? 

AC/MC: There is no indication that there is preferentially more calcite in the more strongly mylonitic 
to ultramylonitic rocks, arguing against channeling of the CO2-rich fluids along the Woodroffe Thrust. 
Furthermore, we agree that the whole calcite isotope story is not conclusive, and our current conclusions 
based on this data slightly overambitious. The interpretation of the calcite isotopic data has been 
formulated into more restrained statements and is, in the revised manuscript, restricted to the appendix. 
A short summary of the isotopic results is still provided in the main manuscript.  

__________________ 

3) With respect to the determination of the modal abundance of the hydrous minerals (S1.3) – global 
thresholding on the basis of grey value histograms is rather primitive and prone to substantial errors – 
Fiji/ImageJ offers much more sophisticated segmentation algorithms, in particular trainable WEKA 
segmentation, a machine learning toolbox. 

AC: The FiJi/ImageJ software does provide more sophisticated segmentation tools but it also requires 
careful checking of the output results. We put particular care in checking that the greyscale histograms 



of the collected SEM images allowed a clear separation between the hydrous minerals and the anhydrous 
minerals. We believe that the determined modal abundance of hydrous minerals with our thresholding 
technique is quite reliable.  
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Inverted distribution of ductile deformation in the relatively “dry” 
middle crust across the Woodroffe Thrust, central Australia 
Sebastian Wex1, Neil S. Mancktelow1, Friedrich Hawemann1, Alfredo Camacho2, Giorgio Pennacchioni3 
1Department of Earth Sciences, ETH Zurich, Sonneggstrasse 5, 8092 Zurich, Switzerland 
2Department of Geological Sciences, University of Manitoba, 125 Dysart Rd, Winnipeg, Manitoba, R3T 2N2, Canada 5 
3Department of Geosciences, University of Padova, Via Gradenigo 6, 35131 Padova, Italy 

Correspondence to: Neil S. Mancktelow (neil.mancktelow@erdw.ethz.ch) 

Abstract.  Thrust fault systems typically distribute shear strain preferentially into the hanging wall rather than the footwall. In 

this paper, we presentThe Woodroffe Thrust in the Musgrave Block of central Australia is a regional-scale example that does 

not fit this model. The Woodroffe Thrust It developed due to intracontinental shortening during the Petermann Orogeny (ca. 10 

560-520 Ma) in central Australia. Itand is interpreted to be at least 600 km long in its general E-W strike direction, with an 

approximate top-to-north minimum relative displacement of 60-100 km. The associated mylonite zone is most broadly 

developed in the footwall. The immediate hanging wall was only marginally involved in the mylonitization process, as can be 

demonstrated from the contrasting thorium signatures of mylonites derived from the upper amphibolite facies footwall and the 

granulite facies hanging wall protoliths. Thermal weakening cannot account for such an inverse deformation gradient, as syn-15 

deformational P-T estimates for the Petermann Orogeny in the hanging wall and footwall from the same locality are very 

similar. The distribution of pseudotachylytes, which actacted as preferred nucleation sites for shear deformation, also cannot 

provide an explanation, since these fault rocks are especially prevalent in the immediate hanging wall. The most likely reason 

for the inverted deformation gradient across the Woodroffe Thrust is water-assisted weakening due to the increased, but still 

limited, presence of aqueous fluids in the footwall. On the contrary, the presence or absence of aqueous fluids does not appear 20 

to be linked to the regional variation in mylonite thickness, which generally increases with increasing metamorphic grade. We 

also infer that the relative increase of fluids in the footwall in the direction of thrusting, together with the slight decrease in the 

temperature of mylonitization (ca. 100 °C), was responsible for the observed 6-fold decrease in thickness (from ca. 600 m to 

100 m) of the Woodroffe Thrust mylonitic zone. 

1 Introduction  25 

Continental fault and shear zone systems with displacements on the order of several tens to hundreds of kilometres generally 

show an asymmetric mylonite distribution across the main fault horizon that is opposite for reverse faults or thrusts and normal 

faults or detachments. Fault zones are predicted to become more viscous and broaden with depth (e.g., Fossen and Cavalcante, 

2017; Handy et al., 2007; Mancktelow, 1985; Passchier and Trouw, 2005; Platt and Behr, 2011b). Juxtaposition of initially 

different crustal levels should therefore result in a geometry that, for a thrust, preferentially preserves the broader ductile 30 



2 
 

mylonite zone in the hanging wall, whereas, for a detachment, it should be in the footwall (e.g., Mancktelow, 1985, his Fig. 

11). This model is valid for many large-scale fault systems, for example:(e.g., Mancktelow, 1985, his Fig. 11; Passchier, 1984, 

his Fig. 2). This model is valid for many large-scale fault and shear zone systems, for example: the Moine Thrust Zone, NW 

Scotland (Christie, 1963; Coward, 1980), the Alpine Fault, New Zealand (Cooper and Norris, 1994; Sibson et al., 1981), the 

Saint-Barthélemy Massif shear zone (Passchier, 1984), the Simplon Fault, central European Alps (Mancktelow, 1985), the 35 

Alpine Fault, New Zealand (Cooper and Norris, 1994; Sibson et al., 1981), the Grizzly Creek shear zone, Colorado (Allen and 

Shaw, 2011)Grizzly Creek shear zone, Colorado (Allen and Shaw, 2011) and the Whipple mountains detachment fault, 

southwesternsouth-western U.S. (Davis, 1988; Davis and Lister, 1988). The midcrustalmid- to lower crustal Woodroffe Thrust 

of central Australia (Major, 1970) is an example that does not fit this model and predominantly developed a broader mylonite 

zone in the footwall (Bell and Etheridge, 1976; Camacho et al., 1995; Flottmann et al., 2004). An interpretation of the 40 

Woodroffe Thrust as an original detachment that was later re-oriented and exploited as a thrust can be excluded, both because 

the metamorphic grade decreases in the direction of tectonic transport and because field mapping shows that the fault zone 

steepens and ramps down towards the internal part of the orogen, against the transport direction (Wex et al., 2017). Passive 

transport and thermal weakening also cannot account for the inverse deformation gradient, as there is no evidence for late 

brittle movement on the thrust plane and syn-deformational P-T estimates in the hanging wall and footwall from the same 45 

locality are very similar (Wex et al., 2017). Bell and Etheridge (1976) and Camacho et al. (1995) proposed that the inverted 

distribution of ductile deformation is explained by the difference in bulk water content between the upper amphibolite facies 

(1.0 wt%) footwall and the granulite facies (0.2 wt%) hanging wall, reflecting the metamorphic conditions in the protolith 

prior to thrusting. Similarly, the preferential formation of shear zones in regions where the host rock mineralogy had previously 

been modified by fluid-rock interaction has, for example, also been documented in the Whipple mountains detachment fault 50 

in SE California (Selverstone et al., 2012) and the Neves area of the Tauern Window in the eastern Alps (Mancktelow and 

Pennacchioni, 2005). In this paper, we quantifydiscuss the control of host rock lithology and potential, potentially, of fluid 

activity on the distribution of ductile deformation across the Woodroffe Thrust, in an attempt to critically test the local findings 

of Bell and Etheridge (1976) from the Amata area (western edge of Fig. 1)and Camacho et al. (1995) on a more regional scale 

(Fig. 1). We also investigate the effect of varying metamorphic temperatures and fluid conditions on the variation in mylonite 55 

thickness over a distance of ca. 60 km parallel to the direction of thrusting. 

2 Geology 

The mid- to lower crustal-scale Woodroffe Thrust outcrops in the Musgrave Block of central Australia (Major, 1970) is 

developed over an approximate E-W strike length generally interpreted to exceed 600 km. It separates the Mulga Park 

Subdomain in the footwall from the Fregon Subdomain in the hanging wall (Edgoose et al., 1993; Major and Conor, 1993). 60 

Exposure of the Woodroffe Thrust is poor to inexistent in theare located within the suture zone of the north, west, and south 

Australian cratons, which amalgamated into the Australian continent at ca. 1300 Ma in an early stage of development of the 
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supercontinent Rodinia (Myers et al., 1996). The Woodroffe Thrust is developed over an E-W strike length generally 

interpreted to exceed 600 km and separates the Mulga Park Subdomain in the footwall (to the north) from the Fregon 

Subdomain in the hanging wall (to the south) (Camacho and Fanning, 1995; Edgoose et al., 1993; Major and Conor, 1993). 65 

Exposure of the thrust is poor to inexistent in its proposed western (e.g., Stewart, 1995, 1997) and eastern (e.g., Edgoose et al., 

2004) prolongations, but is generally excellent for ca. 150 km in the central Musgrave Block (Bell, 1978; Camacho et al., 

1995; Collerson et al., 1972; Wex et al., 2017), where the current study was conducted. In this region, both footwall and 

hanging wall predominantly consist of granitoids (more common in the footwall) and quartzo-feldspathic gneisses (more 

common in the hanging wall), with subordinate metadolerites, mafic gneisses and metapelites (Fig. 1). Rare quartzites, 70 

amphibolites and schists are restricted to the footwall (Camacho and Fanning, 1995; Collerson et al., 1972; Major, 1973; Major 

and Conor, 1993; Scrimgeour and Close, 1999; Young et al., 2002). Protoliths are inferred to have been felsic volcanics, 

sediments and intrusives with depositional or emplacement ages around ca. 1550 Ma (Camacho, 1997; Camacho and Fanning, 

1995; Gray, 1977, 1978; Gray and Compston, 1978; Maboko et al., 1991; Major and Conor, 1993; Sun and Sheraton, 1992). 

These rocksprotoliths were regionally  75 
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Figure 2: Photograph and schematic sketch of a cross section through the Woodroffe Thrust at Kelly Hills. Ductile deformation is 

almost entirely localizedconcentrated in the immediate footwall (Mulga Park Subdomain), developing a sequence of protomylonites, 80 
mylonites and ultramylonites, with the degree of mylonitization decreasing into the footwall. In contrast, the mostly unaffected or 

only weakly foliated hanging wall (Fregon Subdomain) is characterized by ubiquitous and voluminous pseudotachylyte (pst) veins 

and breccias. Further into the hanging wall, a dip slope, characterized by a second zone of highly abundant unsheared 

pseudotachylyte, has also been documented. Photograph coordinates: 131.45077, -25.89823. 

deformed and metamorphosed intoat upper amphibolite facies (Mulga Park Subdomain) to granulite facies (Fregon 85 

Subdomain) gneissesconditions during the ca. 1200 Ma Musgravian Orogeny (Camacho, 1997; Camacho and Fanning, 1995; 

Gray, 1978; Maboko et al., 1991; Sun and Sheraton, 1992), and syn- to posttectonicallypost-tectonically intruded by the 

Pitjantjatjara Supersuite granitoids between ca. 1170-1130 Ma (Camacho, 1997; Camacho and Fanning, 1995; Scrimgeour et 

al., 1999; Smithies et al., 2011). SubsequentlyPeak temperature and pressure conditions during the Musgravian Orogeny are 

controversial. Earlier estimates were ca. 820-900 °C and 1.1-1.4 GPa (Ellis and Maboko, 1992; Maboko et al., 1989, 1991) 90 

but more recent studies have given conditions of ca. 800-1000°C and 0.6-0.9 GPa (Camacho, 1997; Tucker et al., 2015; Walsh 

et al., 2015). Subsequent to this regional-scale tectono-metamorphic phase, the area experienced bimodal magmatism (Giles 

Complex, including the Alcurra Dolerite swarm) between ca. 1080-1050 Ma and mafic magmatism (Amata Dolerite) at ca. 

800 Ma (Ballhaus and Glikson, 1995; Camacho et al., 1991, 1997; Clarke et al., 1995; Edgoose et al., 1993; Sun et al., 1996; 

Zhao et al., 1994; Zhao and McCulloch, 1993).800 Ma (Ballhaus and Glikson, 1995; Camacho et al., 1991; Clarke et al., 1995; 95 
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Edgoose et al., 1993; Evins et al., 2010; Schmidt et al., 2006; Sun et al., 1996; Zhao et al., 1994; Zhao and McCulloch, 1993). 

In the area considered in the current study, large Giles Complex gabbro-norite intrusions are restricted to the Fregon 

Subdomain. In parts of the field area (locations 11-13 in Fig. 1), mylonites with top-to-west kinematics, postdating the 

emplacement of dolerite dykes but preceding the main Woodroffe Thrust mylonites, have been recognized but remain largely 

undocumented (Wex et al., 2017). Aside from this local deformation phase, the central Musgrave Block remained 100 

virtuallygabbro-norite intrusions, correlated to the Giles Complex, are restricted to the Fregon Subdomain. Except for these 

periods of magmatic intrusion, the central Musgrave Block remained largely unaffected by tectonic events between the 

Musgravian Orogeny at ca. 1200 Ma and the Petermann Orogeny at ca. 560-520 Ma  

 

 105 

Figure 3: Sharp contact between the ultramylonites of the Woodroffe Thrust (below dashed line) and the largely undeformed felsic 

granulite in the hanging wall (above dashed line). Photograph looking perpendicular to the direction of thrusting. Outcrop SW13-

135 (coordinates: 131.87939, -26.21188; location 12 in Fig. 1). 

(Camacho and Fanning, 1995; Maboko et al., 1992). Earlier studies by Maboko et al. (1989; 1991) and Ellis and Maboko 

(1992) proposed that the Musgravian and Petermann Orogenies represented successive stages of a single counterclockwise P-110 
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T-t path, whereas Camacho (1997) and Camacho et al. (1997; 2015) suggested that the Musgrave Block was partially exhumed 

prior to the onset of the Petermann Orogeny and then reburied.  

The Petermann Orogeny produced a number of large-scale mylonitic shear zones, amongst which the Woodroffe Thrust is the 

most prominent. Ductile deformation during top-to-north thrusting along the Woodroffe Thrust was largely accommodated 

inwithin the Mulga Park Subdomain footwall (Bell and Etheridge, 1976; Camacho et al., 1995; Flottmann et al., 2004) and is 115 

characterized by mylonites with varying degrees of strain, ranging from protomylonites to ultramylonites (Fig. 2), 

anastomosing around low-strain domains on the metre- to kilometre-scale. These mylonites preserve an annealed and a non-

annealed microstructure, interpreted to record lower crustal (ca. 650 °C and 1.0-1.3 GPa) and midcrustal (ranging from ca. 

520-620 °C and 0.8-1.1 GPa) shearing stages of the Woodroffe ThrustThe syn-kinematic conditions of deformation along the 

Woodroffe Thrust were constrained by conventional geothermobarometry to be within the range of 520-650 °C and 0.8-1.3 120 

GPa (Wex et al., 2017) and thus lower grade when compared to peak conditions during the earlier Musgravian Orogeny. The 

metamorphic assemblage in both mylonitic samples (where the metamorphic aggregate developed syn-kinematically) and in 

statically overprinted undeformed samples (e.g. some Alcurra and Amata Dolerite dykes) record similar metamorphic 

conditions, consistent with ambient mid- to lower crustal levels (Wex et al., 2017).(Wex et al., 2017). Stable mineral 

assemblages during the Petermann Orogeny in felsic units of the Woodroffe Thrust comprise (decreasing modal abundance 125 

from left to right) Qz + Pl + Kfs + Grt + Bt + Ilm ± Grt ± Ep ± Ms ± Ky ± Cpx ± Hbl ± Rt ± Ttn ± Mag ± Cal, whereas mafic 

units consist of Pl + Ilm ± Cpx +± Grt + Ilm ± Rt ± Opx ± Bt ± Hbl ± Ky ± Mag ± Qz ± Kfs ± Cal (Wex et al., 2017). Mineral 

abbreviations are after Whitney and Evans (2010). The degree of mylonitization progressively decreases into the footwall but 

shows a very abrupt transition into the immediate, dominantly brecciated hanging wall (Figs. 2, 3), which is characterized by 

ubiquitous and voluminous pseudotachylyte veins and breccias (Camacho et al., 1995; Lin et al., 2005). Even though this upper 130 

boundary of the mylonites is discrete or rapidly transitional in the field (Fig. 3), it does not necessarily represent the original 

boundary between the Mulga Park (footwall) and Fregon (hanging wall) Subdomains. In the Amata area (western edge of Fig. 

1), Bell (1978) reported up to 250 m of marginal hanging wall reworking into the mylonite zone. However, it remains uncertain 

how this value was exactly determined, since hanging wall and footwall mylonites are very similar in their field appearance.  

3 Methods and general approach 135 

The hanging wall, footwall and numerous transects across the Woodroffe Thrust have been studied and sampled at thealong a 

N-S traverse, parallel to the direction of thrusting. The sampling locations are reported in Fig. 1. Thin sections of the sampled 

mylonites were prepared from rock chips cut perpendicular to the foliation and parallel to the stretching lineation, and analysed 

using standard polarized light and scanning electron microscopy. Firstly, the distribution of ductile deformation along and 

across the Woodroffe Thrust was characterized by quantifying (1) the regional variation in the maximum thickness of the 140 

mylonitic zone and (2) the associated degree of hanging wall and footwall reworking. Secondly, field and thin section 
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observations were compiled to assess in a qualitative manner (3) the presence/absence of aqueous fluids during deformation, 

and (4) the regional variability in modal abundance of hydrous minerals in felsic units. Potential correlations between 

parameters (1) to (4) are then discussed. Sample/outcrop coordinates are given in the world geodetic system (WGS) 1984. 

Orientation measurements of structural elements are corrected for magnetic declination. A detailed description of all utilized 145 

methods is given in the Supporting Information S1. 

4 Mylonite thickness 

Field observations indicate that the thickness of the Woodroffe Thrust mylonites is variable. In a section perpendicular to 

strike, the thickness (T) of the mylonitic zone across the Woodroffe Thrust was calculated by trigonometry (Fig. 4) from: (i) 

the angle of dip (α) of the thrust (measured in the field and averaged for each transect); (ii) the respective difference in elevation 150 

(p) (derived from the 30x30 m digital elevation model ASTER) between the lower and upper structural boundaries of the 

mylonites to the unsheared country rocks (determined from field observations and remote sensing); and (iii) the apparent 

thickness (q) (derived from remote sensing). The upper boundary of the mylonitic zone is easily recognized (Fig. 3), whereas 

the ). The lower boundary is generally lessdetermined by the first appearance of Petermann mylonitic foliation, well defined 

due to its gradualcharacterized by the approximate N-S trend of the stretching lineation and irregular nature (Fig. 2), with high-155 

strain shear zones surrounding less to little deformed low-strain domains on the metre- to kilometre-scale.by the top-to-north 

kinematic indicators. Errors for parameters α and q are considered negligible, whereas the 30x30 m resolution of the digital 

elevation model is prone to introduce an uncertainty on the order of 10-20 m. The geometrical arrangement for the estimate of 

T was the same for locations 2-8 and 12-14 (Fig. 4a), but slightly different for location 11 (Fig. 1), where the lower structural 

boundary of the mylonites was at a higher elevation than the upper boundary (Fig. 4b). The thickness of the mylonitic zone at 160 

location 1 (Fig. 1) was not calculated, because the Woodroffe Thrust is only exposed along strike. The results for all other 

studied transects are summarized in Table 1 and, independent of local variability, indicate a gradual increase in mylonite 

thickness from the northern locations 2-8 (average 120 m) via the central locations 11-12 (ca. 300 m) to the southern locations 

13-14 (ca. 600 m).ca. 100 m in the north to ca. 600 m in the south. 

 165 
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Figure 4: Schematic illustration of the trigonometry applied to quantify the true thickness of the Woodroffe Thrust mylonitic zone 

in a section perpendicular to strike. The parameters are defined in the main text. (a) Geometry applicable to locations 2-8 and 12-

14 of Fig. 1. (b) Geometry applicable to location 11 of Fig. 1.  170 
 

location coordinates (WGS 1984)   trigonometrical parameters 

(Fig. 1) longitude Latitude   α (°) p (m)  q (m) T (m) 
               

2 131.454 -25.845   27 22 150 88 
3 131.452 -25.855   43 54 190 169 
4 131.449 -25.873   36 23 160 113 
5 131.442 -25.904   21 44 130 88 
6 132.143 -25.992   29 62 160 132 
7 131.644 -25.963   17 110 250 178 
8 131.663 -25.999   10 60 130 82 

11 131.926 -26.177   28 61 800 322 
12 131.879 -26.212   24 153 430 315 
13 131.844 -26.253   37 124 850 611 
14 131.774 -26.308   25 128 1200 623 

 
Table 1: Angle of dip (α), elevation difference (p), apparent thickness (q) and true thickness (T) of the Woodroffe Thrust mylonites 

in the central Musgrave Block.  

 175 
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Figure 5: Airborne thorium (ppm) map of the central Musgrave Block. Data derived from the Australian Geophysical Archive Data 

Delivery System (GADDS) under www.ga.gov.au/gadds (Percival, 2010). The hanging wall Fregon Subdomain is generally depleted 

compared to the footwall Mulga Park Subdomain. Granitoid intrusives of the Pitjantjatjara Supersuite often have higher-thorium 

content, particularly in the footwall (one example surrounded by the blue dashed linesline), but also in the southern part of the 180 
hanging wall. Lower-thorium signatures forming diffuse tongues extending northward into the footwall are attributed to alluvial 

wash derived from the hanging wall. The distinction in thorium content is no longer evident for the northernmost klippe of the 

hanging wall in the Kelly Hills area (locations 1-5) and the northernmost part of the Mt. Fraser klippe (location 7). 

5 Degree of hanging wall and footwall mylonitization  

Mylonites derived from the hanging wall and footwall of the Woodroffe Thrust are very similar in both their field appearance 185 

and microstructural-petrographical characteristics. The high degree of recrystallization and general lack of porphyroclasts in 

the uppermost mylonites at locations 4, 6-8 and 12-14 (Fig. 1) suggestssuggest that these samples were potentially derived 

from the pseudotachylyte-rich Fregon Subdomain, hence indicating local hanging wall reworking. To establish whether 

mylonites were derived from either the Mulga Park or the Fregon Subdomains, we utilized their thorium concentrations, based 
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on the general observation that hanging wall rocks are depleted in thorium compared to footwall rocks (Fig. 5). This contrast 190 

is due to (1) dehydration and melting reactions during the earlier ca. 1200 Ma Musgravian Orogeny, which depleted the 

granulite facies hanging wall to a greater degree than the upper amphibolite facies footwall (Heier and Adams, 1965; Lambert 

and Heier, 1967, 1968), (2) the predominance of granitoids rather than gneisses in the footwall, and (3) the fact that low-

thorium Giles Complex gabbro-noritic intrusions are oftencommonly exposed in the immediate hanging wall of the Woodroffe 

Thrust. Deformation and metamorphism during mylonitization did not significantly alter the original thorium content of the 195 

rocks, since the thorium-bearing phases, such as zircon, allanite, monazite and apatite did not break down during the Petermann 

Orogeny. Consequently, the original variation in thorium between the granulite and amphibolite facies rocks was preserved 

(Fig. 5). Anomalies in this broad pattern are present locally and can be attributed to hanging wall-derived alluvial sediments 

in the immediate footwall (lower-thorium anomaly) and to granitoid intrusions of the Pitjantjatjara Supersuite and Giles 

Complex (higher-thorium anomaly), which are syn- to post-Musgravian upper amphibolite to granulite facies metamorphism 200 

(Scrimgeour and Close, 1999; Young et al., 2002) (Fig. 5). The contrast between a lower-thorium hanging wall and a higher-

thorium footwall is well-defined on the airborne thorium map for the central and southern locations 6, 8 and 11-14, but less 

evident in the northern locations 1-5 and 7north (Fig. 5). Thorium measurements were carried out on thin section chips of 

felsic gneisses and granitoids via γ-ray spectrometry., with the measurements run until the error (2 x standard deviation) was 

below 10 %. The method is outlined in detail in the Supporting Information S1. 205 

5.1 Thorium concentration in felsic units 

Thorium contents of felsic gneisses and granitoids (Table 2) have been compiled from the current study as well as from 

previous studies of nearby areas (Camacho, 1997; Young et al., 2002). These data have been grouped into (1) the central and 

southern locations (6, 8, and 11-14) and (2) the northern locations (1-5, and 7),, based on the airborne thorium map, as 

introduced above. 210 

In group (1), samples unequivocally attributed to either the hanging wall or footwall of the Woodroffe Thrust were grouped 

together. This was done on the basis of their geographical position, with respective samples originating either from far into the 

non-mylonitized hanging wall and footwall or from the lowermost protomylonitic part of the Woodroffe Thrust. In the hanging 

wall, thorium concentrations range from 1 to 28 ppm in felsic gneisses and up to 63 ppm in granitic intrusions (higher-thorium 

anomalies), but are in both cases usually lower than 8 ppm. In the footwall, concentrations vary between 2 and 195 ppm and 215 

are typically higher than 10 ppm (Table 2). These concentrations are in accord with the regional-scale contrast in thorium 

concentrations across the Woodroffe Thrust in the central and southern locations 6, 8 and 11-14 (Fig. 5), as well as with the 

results of Lambert and Heier (1968), who determined concentrations of 2.1 ppm for the granulite facies hanging wall and 11 

ppm for the upper amphibolite facies footwall. Based on the compilation in Table 2, samples with thorium content <8 ppm 

were assigned to the hanging wall and samples with higher values to the footwall of the Woodroffe Thrust. Five different 220 

transects were investigated (locations 8 and 11-14 in Fig. 5), generally comprisingIn general, samples taken close to the 
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boundary between the mylonites and unsheared rocks of the Fregon Subdomain (typically the uppermost few tens to one 

hundred metres).) were investigated. For the majority of samples, the assignment was straightforward since the inferred 

hanging wall samples are extremely low in thorium (<3 ppm), whereas most inferred footwall samples have values >8 ppm. 

Exceptions are samples SW14-243 and SW13-159, which have intermediate concentrations of 8 ppm and 6 ppm and 8 ppm, 225 

respectively. Both samples were assigned to the footwall since subsequent samples further towards the hanging wall, 

respectively SW14-244 and SW13-161, could clearly still be attributed to the footwall. Alternatively, samples SW14-243 and 

SW13-159 could reflect imbrication of the Mulga Park and Fregon Subdomains, but this is not supported by any field 

observation. 

In group (2), four different transects were investigated (locations 2-4 and 6 in Fig. 5). Thoriumthorium concentrations vary 230 

between 11 and 49 ppm (Table 2) but do not allow a clear distinction between samples derived from the footwall and hanging 

wall in a manner similar to the central and southern locations. This result is in accord with the airborne thorium concentrations, 

which also do not indicate a significant jump across the Woodroffe Thrust in these more northerly locations (Fig. 5). 
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 235 

Table 2: Thorium concentrations in felsic gneisses and granitoids from the hanging wall and footwall of the Woodroffe Thrust, 

central Musgrave Block.  
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Figure 6: Sample-specific thorium (Th) concentrations (measured by γ-ray spectrometry) plotted across the Woodroffe Thrust (WT) 240 
mylonites at locations 8 and 11-14 (Fig. 1). The original boundary between the lower-thorium hanging wall and higher-thorium 

footwall is inferred (red line).  
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5.2 Determination of the hanging wall-footwall boundary 

Measured thorium concentrations indicate that in locations 8 and 11-14 (Fig. 5) the uppermost mylonites of the Woodroffe 245 

Thrust developed in the lower-thorium Fregon Subdomain (Table 2). These results are in agreement with the proposed 

identification of hanging wall reworking based on field appearance. Similar field relationships, such as progressive downwards 

mylonitization of units clearly forming part of the hanging wall pseudotachylyte breccia, also indicatesindicate limited 

reworking of the Fregon Subdomain at locations 4 and 6 (Fig. 5). However, the lack of a clear contrast in thorium 

concentrations between footwall and hanging wall in the northernthese locations precludes any verification of these field 250 

observations, as well as any independent determination of the thickness of hanging wall-derived mylonites in the thrust zone. 

We therefore excluded these northern transects when using thorium concentration as a proxy to map the original boundary 

between the hanging wall and footwall (Fig. 6). It was also not possible to precisely determine the boundary at location 13 

(Fig. 1), due to a large lateral gap between the last sample assigned to the footwall and the first sample assigned to the hanging 

wall. In an attempt to quantitatively calculate the degree of hanging wall/footwall reworking into the total mylonite zone, we 255 

applied trigonometry based on the geometrical arrangement sketched in Fig. 4a. The only modification was that the lower 

mylonite boundary was now defined by the newly reconstructed boundary between hanging wall and footwall. Results are 

summarized in Table 3.  In contrast to the 250 m proposed by Bell (1978) for the Amata area (western edge of Fig. 1), our 

results indicate that only the lowermost 3 m of the Fregon Subdomain were reworked into the Woodroffe Thrust mylonites at 

location 8, increasing up to 18-40 m at locations 11-14 (Fig. 1). These values represent 3-6 % of the entire thickness of the 260 

Woodroffe Thrust mylonites (Table 1) at locations 8, 11 and 14 and up to 13 % at location 12 (Fig. 1). However, the difference 

in elevation (p) is not well defined over short distances (q) given the limited (30x30 m) resolution of the digital elevation 

model (ASTER). This can introduce a significant uncertainty into the calculation of the degree of hanging wall reworking. 

Nevertheless, our analysis clearly shows that the majority of mylonites developed in the Mulga Park Subdomain (footwall) 

rather than the Fregon Subdomain (hanging wall). 265 

location  coordinates (WGS 1984)   trigonometrical parameters 

(Fig. 1) longitude latitude   α (°) p (m)  q (m) T (m) 
                

8 132.143 -25.992   10 1 10 3 
11 131.926 -26.177   28 5 30 18 
12 131.879 -26.212   21 22 55 40 
13 131.844 -26.253   - - - >0 
14 131.774 -26.308   22 9 30 20 

 

Table 3: Angle of dip (α), elevation difference (p), apparent thickness (q) and true thickness (T) of the Woodroffe Thrust mylonites 

derived from the hanging wall.  
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6 Presence or absence of fluids during mylonitization 

The syn-deformational presence or absence of fluids in the study area is established from a series of field and thin section 270 

observations. These include the regional variation in: (1) syntectonic quartz veins, (2) introduction of carbon and (3) 

plagioclase stability and breakdown.  

6.1 Quartz veins 

Syntectonic quartz veins (Fig. 7a) and associated quartz-rich pegmatite dykes are uncommon throughout the field area, being 

generally absent in the southern locations 10-15 and only locally present in the northern locations 1-9 (Fig. 8a). These quartz 275 

veins crosscut the mylonitic fabric but were themselves variably deformed during subsequent shearing, providing direct field 

evidence that they were broadly coeval with the Woodroffe Thrust, and thus associated with the Petermann Orogeny. Sense of 

shear is both top-to-north and top-to-south, which is contrary to the dominant top-to-north shear sense associated with the 

Woodroffe Thrust, but has also been documented by Bell and Johnson (1992) in the Amata region (western edge of Fig. 1). 

Quartz veins are boudinaged within the mylonitic foliation and, although deformed, did not preferentially localize strain (Figs. 280 

7a,b). 

6.2 Introduction of carbon 

Finely dispersed calcite is locally found with very low modal abundance (typically <1 %) in the otherwise non-carbonaceous 

rocks of the central Musgrave Block (Fig. 7c). Calcite-bearing samples are present throughout the study area, but are generally 

more common towardsin the north (Fig. 8b). Microstructures indicate that the fine-grained (<10 µm) calcite nucleated during 285 

shearing (Fig. 7c). Calcium was made available from dynamic “recrystallization” of plagioclase to new grains with lower 

anorthite content (Wex et al., 2017), but carbon requirescannot have an external fluid sinceimmediately local source, because 

the protoliths arestudied rocks were initially entirely non-carbonaceous. In the attempt to establishplace further constraints on 

the origin of this fluid, carbon and oxygen isotopes of calcite were measured (Supporting Information S2), yielding mean 

average values of -4.1 ‰ for δ13CCal (V-PDB) and +10.1 ‰ for δ18OCal (SMOW). Within the same samples, the whole rock 290 

isotopic signature δ13Cwhole rock (V-PDB) is always lower (on average by 2.7 ‰) than the corresponding δ13CCal values.  
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Figure 7: Field and thin section images providing evidence for the presence or absence of aqueous fluids during deformation. (a) 

Syntectonically developed quartzQuartz veins (encircled) crosscut the mylonitic foliation of the Woodroffe Thrust but were 295 
subsequently sheared and rotated,showing a sigmoidal shape consistent with rotation during overall top-to-north shearing. The 

quartz vein at the bottom of the picture is boudinaged and did not localize deformation. Outcrop NW15-264 (coordinates: 131.46883, 

-25.83040; location 1 in Fig. 1). (b) Quartz vein adjacent to a sinistral shear zone that is not reactivated, even though shear zone and 

quartz vein are almost parallel to each other. Abbreviation: Sm = mylonitic foliation. Outcrop SW13-200 (coordinates: 131.73810, -

25.99564; location 9 in Fig. 1). (c) Finely dispersed calcite (high birefringence) between recrystallized feldspar grains under crossed-300 
polarized light. Thin section is not oriented. Sample NW14-423A (coordinates: 131.84368, -26.11423; location 10 in Fig. 1). (d) 

Plagioclase clast with muscovite (higher birefringence) and epidote (lower birefringence) inclusions under crossed-polarized light. 

Thin section is oriented N-S (left-right). Sample SW14-214A (coordinates: 131.44416, -25.90284; location 5 in Fig. 1). (e) Plagioclase 

clast with epidote inclusions under crossed-polarized light. Thin section is oriented N-S (left-right). Sample GW13-415 (coordinates: 

131.66256, -25.99928; location 8 in Fig. 1). (f) Plagioclase clast with kyanite inclusions (greenish needles) and neo-crystallized garnet 305 
under plane-polarized light. Thin section is not oriented. Sample SW13-167 (coordinates: 131.77475, -26.30845; location 14 in Fig. 

1). (g) Inclusion-free plagioclase clast under plane-polarized light. Thin section is oriented NNE-SSW (left-right). Sample SW13-318 

(coordinates: 132.14311, -25.99142; location 6 in Fig. 1).  

6.3 Plagioclase stability and breakdown 

Plagioclase recrystallized in the Woodroffe Thrust mylonites and associated shear zones (Bell and Johnson, 1989; Wex et al., 310 

2017) forming typical “core-and-mantle structures”. Mineral inclusions within plagioclase clasts are common and allow the 

distinction of four different types of clasts, respectively termed microstructures 1 to 4: 

Plagioclase studded with abundant inclusions of epidote and muscovite (Fig. 7d). This type is, with one exception, restricted 

to the northern locations 1-9 (Fig.Plagioclase dynamically recrystallized in the Woodroffe Thrust mylonites and associated 

shear zones (Bell and Johnson, 1989), forming typical “core-and-mantle structures”. The composition of the newly 315 

recrystallized grains ranges from albite/oligoclase in felsic rocks to oligoclase/andesine in mafic rocks (Wex et al., 2017). 

Mineral inclusions within plagioclase clasts are common and allow the distinction of four different types of clasts, respectively 

termed microstructures 1 to 4: 

(1) Plagioclase studded with abundant inclusions of epidote and muscovite (Fig. 7d). This type is, with one exception, 

restricted to the northern locations (Fig. 8c).  320 

(2) Plagioclase containing only epidote inclusions (Fig. 7e), with a modal abundance far lower than that of epidote + 

muscovite inclusions of microstructure 1. This microstructure is restricted to the central locations 8-13 (Fig. 8c). 

(3) Plagioclase crowded with kyanite needle inclusions (Fig. 7f) (see Supporting Information B of Wex et al. (2017) for 

identification techniques). This microstructure is restricted to the southernmost locations 13-15 (Fig. 8c). 

(4) Plagioclase free of inclusions (Fig. 7g). This microstructure is found in thealmost all locations 4-13 (Fig. 8c). 325 
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Figure 8c shows that the type of inclusions in plagioclase varies in a N-S direction, i.e. parallel to the tectonic transport direction 

of the Woodroffe Thrust. From north to south, inclusions progressively change from muscovite + epidote (microstructure 1), 

to epidote (microstructure 2), and to kyanite (microstructure 3), with inclusion-free plagioclase clasts (microstructure 4) 

occurring throughout. There is no apparent variation of the type of plagioclase inclusions along strike of the Woodroffe Thrust 

(i.e. E-W). 330 
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Figure 8: Regional variation in the development of (a) syntectonic quartz veins, (b) the introduction of carbon and (c) plagioclase 

stability and breakdown, each plotted against sample latitude. The regional temperature gradient (Wex et al., 2017) and the position 

of the studied locations (Fig. 1) are indicated. 
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7 Abundance of hydrous minerals 335 

The modal abundance of hydrous minerals in deformed and undeformed pseudotachylytes (representative compilation in 

Supporting Information S3) from felsic footwall and hanging wall samples was determined by image analysis of backscattered 

electron (BSE) images (method outlined in the Supporting Information S1). The different amounts of hydrous minerals 

between the pseudotachylytes should reflect compositional variations between the host rocks from which they formed. The 

results, summarized in Table 4, indicate that matrix mineral assemblages of felsic pseudotachylytes from the hanging wall and 340 

footwall are similar to each other. These assemblages dominantly comprise Pl + Kfs + Qz + Bt + Mag + Ilm with individual 

samples also containing Ep, Grt, Cpx, Opx, Ky, Ms, Rt or Hbl. However, there is a strong contrast with regard to the modal 

abundance of hydrous minerals. Samples have been sorted into northern (locations 1-5 in Fig. 1), central (locations 6-9 in Fig. 

1) and southern location groups (locations 11-14 in Fig. 1), revealing that: (i) the abundance of hydrous minerals decreases 

from north to south in both the hanging wall and the footwall; and (ii) at similar latitude, the footwall rocks are more hydrous 345 

than the hanging wall rocks. Two samples (SW14-029A and SW14-179) do not fit this regional trend and these outliers have 

been excluded in calculating the mean values, as they mask what are otherwise apparent trends. 

Pseudotachylytes have been identified as preferred discontinuities for nucleation of ductile shear zones and strain localization 

under mid- to lower crustal conditions (Andersen and Austrheim, 2006; Austrheim and Andersen, 2004; Hawemann et al., 

2014; Lund and Austrheim, 2003; Menegon et al., 2017; Passchier, 1982; Pennacchioni and Cesare, 1997; Pittarello et al., 350 

2012; Wex et al., 2014, 2017). In order to study the control of host rock mineralogy on shear initiation, the modal abundance 

of hydrous minerals in deformed and undeformed pseudotachylytes (representative compilation in Supporting Information S3) 

from felsic footwall and hanging wall samples was determined by image analysis of backscattered electron (BSE) images 

(method outlined in the Supporting Information S1). The different amounts of hydrous minerals between the pseudotachylytes 

should reflect compositional variations between the host rocks from which they formed. The results, summarized in Table 4, 355 

indicate that matrix mineral assemblages of felsic pseudotachylytes from the hanging wall and footwall are similar to each 

other. These assemblages dominantly comprise Pl + Kfs + Qz + Bt + Mag + Ilm with individual samples also containing Ep, 

Grt, Cpx, Opx, Ky, Ms, Rt or Hbl. However, there is a strong contrast with regard to the modal abundance of hydrous minerals 

in the studied pseudotachylytes. Samples have been grouped according to their latitude coordinates, revealing that: (i) the 

abundance of hydrous minerals decreases from north to south in both the hanging wall and the footwall; and (ii) at similar 360 

latitude, the footwall rocks are more hydrous than the hanging wall rocks. Two samples (SW14-029A and SW14-179) do not 

fit this regional trend and these outliers have been excluded in calculating the mean values, as they mask what are otherwise 

clear trends. 
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Table 4: Modal abundance of hydrous minerals in felsic pseudotachylytes from the hanging wall and footwall of the Woodroffe 365 
Thrust, central Musgrave Blocka. 

                                                           
a Extreme outliers (*) are not considered. Mineral assemblages are listed in order of decreasing modal abundance (from left to 

right) with hydrous minerals underlined. A representative compilation of pseudotachylytes is given in the Supporting 

Information S3. 
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Figure 9 deleted 

8 Discussion 

8.1 Plagioclase breakdown reactions 370 

Within the range of midcrustalmid- to lower crustal conditions, as estimated for the Woodroffe Thrust (Wex et al., 2017), the 

following plagioclase breakdown reactions are relevant (Fig. 9)::  

(1) An + Or + H2O = Ms + Ep + Qz (Kretz, 1963; Ramberg, 1949) 

(2) An + Grs + H2O = Ep + Qz (Kretz, 1963) 

(3) An = Grs + Ky + Qz (Boyd and England, 1961; Hariya and Kennedy, 1968) 375 

(4) An + H2O = Ep + Ky + Qz (Goldsmith, 1982; Kretz, 1963; Ramberg, 1949) 

For the sake of simplicity, none of these reactionsthese reactions proposed in the cited publications are restricted to the system 

Ca-K-Al-Si-OH, and in particular do not consider the presence of iron. However, iron is certainly necessary to account for the 

crystallization of epidote and was potentially derived from relict iron-bearing minerals (e.g., magnetite or, ilmenite, biotite or 

garnet). Microstructure 1 is unequivocally correlated with hydration reaction 1. Reaction 2 is capable of producing 380 

microstructure 2, but garnet has been interpreted to serve as a calcium-sink rather than source during the high-pressure 

Petermann Orogeny (Camacho et al., 2009). Alternatively, we propose that the decrease in anorthite content during plagioclase 

recrystallization (Wex et al., 2017) provided the necessary source of calcium for producing microstructure 2. Microstructure 

3 is correlated with reaction 3. Reactions 3 and 4 represent the high-pressure breakdown of plagioclase under anhydrous and 

hydrous conditions, respectively. According to Wayte et al. (1989), the transition between the two competing reactions occurs 385 

at a water activity of ca. 0.004 for pressure and temperature conditions similar to those in the more southerly footwall locations. 

In samples with microstructure 3, epidote is never observed as a secondary inclusion phase together with kyanite (Supporting 

Information S4), indicating that reaction 3 was always preferredprevailed over reaction 4.  

8.2 Fluid activity 

In the southern locations 13-15 (Fig. 1), plagioclase breakdown by reaction 3 indicates that water was not sufficiently available 390 

to drive reaction 4 (Goldsmith, 1980, 1982; Wayte et al., 1989). Consequently, reaction 3 is a good indicator for very low 

water activities (<0.004; Wayte et al., 1989) and the absence of a free aqueous fluid phase during deformation, since only very 

small amounts of water (ca. 20 ppm) are required for mineral reactions in a solid silicate system (Milke et al., 2013). Similarly, 

relict plagioclase clasts without any inclusions (microstructure 4) also indicate the absence of a free aqueous fluidsfluid phase, 

as the studied rocks were all metastable with respect to hydration reactions 1, 2 and 4 (Fig. 9).. Consequently, any of these 395 
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breakdown reactions would have rapidly consumed any available free fluid, since all other reactants were present in the studied 

samples. Vice versa, plagioclase breakdown by reaction 1 clearly indicates the presence of a free aqueousfluid phase during 

deformation. Reaction 2 also involves hydration, as indicated by the marginal presence of epidote in plagioclase clasts 

(microstructure 2). However, free aqueous fluids were not sufficiently available to facilitate reaction 1. Hence, we favorfavour 

the interpretation that microstructure 2 indicates largely anhydrous conditions, with only very minor fluid introduction. 400 

Based on the classification above, the regional availability of a free aqueous fluid phase during deformation, respectively 

termed “wet” and “dry”, can be determined from the mineral inclusions in plagioclase (Fig. 8c) and the corresponding inferred 

breakdown reactions (Sect. 8.1). The distinction is purely qualitative and refers only to whether or not free aqueous fluid was 

sufficiently available to facilitate the hydrous breakdown reaction 1. Consequently, the studied field area is characterized as 

dominantly “dry” (microstructures 2, 3 and 4) with a progression towards locally “wet” conditions (microstructure 1) in most 405 

of the northernmost exposures (Fig. 109). The regional variation in (1) the development of syntectonic quartz veins (Fig. 8a) 

and (2) the introduction of carbon (Fig. 8b) are each consistent with this interpretation (Fig. 109). However, within a single 

location, individual samples can have a “wet” microstructure 1 while others still preserve a “dry” microstructure 4 (Fig. 8c), 

indicating that the fluids were only present on a very local scale. This is additionally supported by the coeval development of 

a hydrous (Pl + Opx + Grt + Hbl + Ilm + Mag ± Cpx ± Bt) and an anhydrous mineral assemblage (Pl + Opx + Grt + Cpx + 410 

Kfs + Qz + Ilm + Mag) within a single thin section of a sheared dolerite dyke from the footwall of the Woodroffe Thrust 

(Supporting Information S5).Generally “dry” conditions are also in agreement with the fact that the metamorphic overprint 

during the Petermann Orogeny occurred under lower grade conditions compared to the earlier Musgravian Orogeny, and thus 

facilitated water consumption rather than water release. 

 415 
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Figure 109: Projected schematic cross section through the central Musgrave Block. The horizontal scale is compressed by a factor 

of 3.5 with respect to the vertical scale. The regional temperature gradient is taken from Wex et al. (2017). 

8.3 Fluid source 

Based on the above quantificationqualitative estimate of “fluid activity” in the study area, it is evident that aqueous fluids and 420 

CO2-dominated brines bearing fluids were introduced in the northern exposures of the Woodroffe Thrust (Fig. 109). However, 

there does not seem to be any obvious link between the infiltration of the aqueous fluids and that of the CO2-dominated 
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brinesbearing fluids, since samples that preserve a “wet” microstructure 1 are not necessarily calcite-bearing and vice versa 

(Figs. 8b,c). 

8.3.1 Aqueous fluids  425 

Aqueous fluids infiltrating into the footwall of the Woodroffe Thrust were unlikely to have been derived from the “drydrier” 

hanging wall (Table 4) and consequently, must originate from units within or underlying the current level of exposure of the 

footwall. Gneisses and granitoids in the “wet” northern part of the study area are clearly interleaved with and juxtaposed onto 

the basal units of the Amadeus Basin (Wells et al., 1970), as evident from outcrops of Dean Quartzite (Forman, 1965; Young 

et al., 2002) immediately west of the Kelly Hills klippe (locations 1-5 in Fig. 1).. These Neoproterozoic sedimentary rocks 430 

represent an ideal source for aqueous fluids since they were metamorphosed and dehydrated during the Petermann Orogeny 

(Wells et al., 1970). However, based on regional-scale geometric reconstructions, it has been argued that the Woodroffe Thrust 

and potentially underlying thrust planes developed in-sequence (Wex et al., 2017). If this is true, then the Dean Quartzite was 

only imbricated below the northernmost studied locations after movement and deformation on the Woodroffe Thrust had 

largely ceased and the dynamic microstructures had already been frozen in. Therefore, we prefer a model in which the aqueous 435 

fluids were released from the granitoids and upper amphibolite facies gneisses within the footwall. Such a model is in 

agreement with the fact that the regional trend towards higher abundance of hydrous minerals in the north parallels the shift 

towards “wet” conditions, as indicated by the plagioclase breakdown reactions (Fig. 109). An internal source is also consistent 

with the conclusion that “wet” conditions were only present on a very local scale and that “wet” and “dry” samples are often 

preserved in close proximity. Consequently, we consider that the studied field area was not infiltrated by externally derived 440 

aqueous fluids and remained a relatively closed system. 

8.3.2 CO2-dominated brinesbearing fluids 

The fact that the gneisses and granitoids of the central Musgrave Block are entirely non-carbonaceous (Collerson et al., 1972; 

Major, 1973; Major and Conor, 1993; Scrimgeour and Close, 1999) argues for an external source of the CO2-dominated 

brines.bearing fluids. Carbon and oxygen isotropic signatures were measured in order to provide constraints on its nature. The 445 

results for δ18O are in agreement with calcite crystallization temperatures of 500-600 °C, while δ13C values are strongly rock-

buffered, but potentially indicate a mantle origin ( (see Supporting Information S2 for more details). 

8.4 Distribution of ductile deformation 

The distribution of thorium establishes that the Woodroffe Thrust mylonites preferentially developed in the Mulga Park rather 

than the Fregon Subdomain (Fig. 6). This conclusion is in agreement with our field observations and with those of Bell and 450 

Etheridge (1976), Camacho et al. (1995) and Flottmann et al. (2004). However, it is evident from our results that in the southern 

locations (11-14 in Fig. 1) the lowermost hanging wall was also involved in the mylonitization process (Table 3). We discuss 

below the potential processes guiding the large-scale distribution of ductile deformation in the Woodroffe Thrust. 
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8.4.1 Footwall/hanging wall reworking  

The proportion of the total shear strain accommodated in the narrow mylonitic to ultramylonitic zones developed in the 455 

lowermost hanging wall and uppermost footwall cannot be determined. However, what could be determined in this study is 

the relative thickness of the mylonite zones, using thorium concentrations to distinguish the original hanging wall and footwall 

protoliths. From this it is established that the hanging wall-derived parts of the Woodroffe Thrust generally make up <10% of 

the entire width of the mylonitic zone. This preferential development of a broader mylonite zone in the Mulga Park Subdomain 

footwall rather than in the Fregon Subdomain hanging wall is contrary to the expected simple model of a thrust or reverse fault 460 

system (e.g., Mancktelow, 1985, his Fig. 11).(e.g., Mancktelow, 1985; Passchier, 1984). Such a model would predict an 

asymmetric strain profile where the mylonite zone occurs in the initially “hotter” hanging wall rather than the “colder” footwall. 

An inverse distribution of ductile deformation, as a consequence of asymmetric thermal weakening, would be in agreement 

with the flower-like structure model proposed by Camacho and McDougall (2000) for the central Musgrave Block. Based on 

the preservation of pre-Petermann K-Ar, 40Ar/-39Ar and Rb-Sr ages in hornblende, muscovite, biotite and K-feldspar in the 465 

undeformed gneissic country rocks, Camacho and McDougall (2000) argued that the Fregon Subdomain was rapidly buried 

and exhumed in less than 40 Myr. Consequently, these rocks failed to thermally equilibrate to temperatures above 350 °C at a 

pressure of ~1.2 GPa. With this tectonic model, the hanging wall should have been at temperatures <350 °C (Camacho and 

McDougall, 2000) and thus should have been colder than the footwall (>500 °C; Wex et al., 2017). In such a model, thermal 

weakening could indeed account for preferential mylonitization of the Mulga Park Subdomain. However, Wex et al. (2017) 470 

and Hawemann et al. (2017) demonstrated that Petermann Orogeny metamorphic assemblages throughout the study area are 

directly comparable in dynamically and statically recrystallized units, arguing that the estimated metamorphic conditions were 

ambient and differed little between shear zones and country rock. In addition, Wex et al. (2017) found that the syntectonic 

metamorphic conditions are similar in the hanging wall and footwall at the same locality, arguing against thermal weakening 

as a cause of the preferential mylonitization of the Mulga Park Subdomain (Camacho and McDougall, 2000).  475 

Pseudotachylytes have been identified as preferred nucleation discontinuities for shearing under mid- to lower crustal 

conditions (Andersen and Austrheim, 2006; Austrheim and Andersen, 2004; Hawemann et al., 2014; Lund and Austrheim, 

2003; Menegon et al., 2017; Passchier, 1982; Pennacchioni and Cesare, 1997; Pittarello et al., 2012; Wex et al., 2014, 2017). 

In the Musgrave Block however, the presence of precursor pseudotachylyte cannot account for the observed inverse 

distribution of ductile deformation, as they are significantly more abundant in the hanging wall compared to the footwall 480 

(Camacho et al., 1995; Lin et al., 2005).  

A potential explanation for the observed inverse gradient of ductile deformation along the Woodroffe Thrust is a rheological 

contrast between hanging wall and footwall assemblages, resulting in different degrees, and potentially different processes, of 

water-assisted weakening in quartz and feldspar (e.g., Griggs, 1967, 1974; Griggs and Blacic, 1965; Hobbs, 1985; Kronenberg 

et al., 1990; Stünitz et al., 2017; Tullis and Yund, 1989)(e.g., Fitz Gerald et al., 2006; Griggs, 1967, 1974; Griggs and Blacic, 485 
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1965; Hobbs, 1985; Kronenberg et al., 1990; Mancktelow and Pennacchioni, 2004; Stünitz et al., 2017; Tullis and Yund, 

1989). As discussed in Sect. 8.3.1, the rocks in the study area represent a relatively closed system with respect to the presence 

or absence of aqueous fluids. Hence,, although some CO2 introduction from an external source is necessary to account for the 

syntectonic growth of very minor amounts of calcite in previously non-carbonaceous rocks. The availability of aqueous fluids 

is thus directly linked to the abundance of hydrous minerals in these rocks, which is observed to decrease from north to south 490 

(Fig. 109). Similarly, the contrasting abundance of hydrous minerals in hanging wall and footwall (Table 4) indicates that there 

is consistently a higher potential for generating aqueous fluids in the footwall than in the hanging wall. Overall,If sufficient 

water was available, this could facilitate a preferential rheological weakening of the footwall due to new growth of micas and 

associated phyllonite development. However, this is not observed because the majority of the studied rocks are still relatively 

“dry”, so that only slight differences in the abundance of water could facilitate an asymmetric localizationdistribution of ductile 495 

deformation as a consequence of water-assisted weakening. The preferential mylonitization of the Mulga Park relative to the 

Fregon Subdomain (Fig. 6) therefore seems to be largely controlled by the precursor mineralogy established as the result of 

the earlier (ca. 1200 Ma) Musgravian Orogeny metamorphism, with peak conditions of upper amphibolite facies in the footwall 

but granulite facies in the hanging wall. This supports the initial hypothesis of Bell and Etheridge (1976) and Camacho et al. 

(1995) that a more hydrous footwall underlying an anhydrous hanging wall can facilitate an inverted gradient of ductile 500 

deformation.  

These arguments may explain the overall preferential localizationdistribution of deformation in the Mulga Park Subdomain, 

but fail to provide an adequate explanation for why the lowermost Fregon Subdomain was also incorporated into the mylonites 

(Figs. 2, 6, 10). The generally low abundance of hydrous minerals in both hanging wall and footwall in the “dry” southern 

locations (11-14 in Table 4) potentially promoted a similar rheological response in both units. Locally, there may be no contrast 505 

at all in protolith composition, which might explain the marginal mylonitization of the lowermost Fregon Subdomain. 

Reworking of the hanging wall may also2, 6, 9). This reworking of the hanging wall may potentially have been guided by the 

presence of pseudotachylytes, which are ubiquitous and voluminous in the immediate hanging wall of the Woodroffe Thrust 

(Camacho et al., 1995; Lin et al., 2005). 

8.4.2 Variation in mylonite thickness 510 

Mylonite thickness in the study area does not appear to significantly vary parallel to strike (i.e. E-W). However, from south to 

north, i.e. parallel to the direction of tectonic transport, the Woodroffe Thrust mylonitic zone gradually decreases in thickness 

from over 600 m to less than 100 m (Table 1), indicating). This potentially indicates a 6-fold increase in shear strain (and 

therefore average strain rate) within the mylonites, assuming that the a homogeneous distribution of strain and constant relative 

displacement across the Woodroffe Thrust was constantthickness along the entire ca. 60 km transect. This trend from south to 515 

north is accompanied by a slight decrease in metamorphic temperature of ca. 100 °C (Wex et al., 2017)(Wex et al., 2017) and 

the shift from “dry”  to “wet” conditions, as reflected in the increasing abundance of hydrous minerals (Fig. 109). The thickness 
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of large-scale shear zones is considered to decrease with decreasing temperature and depth (Platt and Behr, 2011a, 2011b) and 

displacement (Hull, 1988), but may also decrease with increasing fluid-rock interaction as a consequence of volume loss (e.g., 

Newman and Mitra, 1993).. A point in the footwall only enters the shear zone when it passes the toe of the thrust (that is where 520 

the thrust meets the surface). This could potentially lead to a variation in the finite shear strain experienced in the footwall. 

However, the whole of the exposed ca. 60 km N-S section was formerly at mid- to lower crustal level (Wex et al., 2017) and 

thus nowhere near the thrust toe. There is also currently no evidence for major splays of the Woodroffe Thrust into the hanging 

wall. We therefore assume that the studied section experienced more or less the same relative displacement and that variation 

in this parameter cannotDistributed folding related to the Peterman Orogeny is observable on the regional scale in the footwall 525 

(Wex et al., 2017) but the amount of shortening involved cannot be quantified. It follows that there is presently no indication 

for a significant change in relative displacement along the studied section and that variation in this parameter therefore cannot 

be used to account for the difference in mylonite thickness. It was argued above that the greater abundance of hydrous minerals 

in the footwall Mulga Park Subdomain compared to the hanging wall Fregon Subdomain, reflecting peak metamorphic 

conditions of upper amphibolite facies and granulite facies respectively during the earlier Musgravian Orogeny, resulted in 530 

slightly “wetter” conditions in the footwall during activity of the Woodroffe Thrust. This was proposed as an explanation for 

the broader zone of mylonites in the footwall, which in turn would argue against the increasingly hydrous conditions toward 

the north as an explanation for the decrease in overall mylonite width. The general decrease in mylonite zone thickness toward 

the north is therefore interpreted to be due to the established decrease in metamorphic temperature, promoting localization in 

a narrower zone. However, it creates the apparent contradiction that the thickness of the mylonitic zone decreases with 535 

increasing water activity to the north. Such an observation might reflect the possibility that even a small amount of fluid was 

able to weaken the footwall relative to the strong “drier” hanging wall, allowing it to preferentially take up deformation because 

of its lower effective viscosity. An increase in the water content to the north would result in an increase of the effective viscosity 

ratio between footwall and hanging wall, yielding a stronger localization toward the interface and a narrower mylonite zone 

that extends less into the stronger material. This hypothesis is supported by the current observations in this paper, but there is 540 

not yet a theoretical basis to provide a full explanation. Decreasing temperature to the north could also lead to increased 

localization and decreased shear zone thickness, both directly (Platt and Behr, 2011a, 2011b) and as a second order effect that 

accentuates the strength contrast as both footwall and hanging wall become stronger with decreasing temperature. Water 

activity thus seems to be the crucial factor controlling both the preferential development of mylonites in the footwall and the 

decrease in thickness with increasing water activity towards the north. 545 

9 Conclusions 

Field and thin section observations establish that the rocks of the central Musgrave Block were predominantly “dry” during 

development of the midcrustal Woodroffe Thrust during the ca. 560-520 Ma Petermann Orogeny, but with a progression in 

the thrust direction towards locally “wet” conditions in some of the northernmost exposures. This is indicated by: (1) rare 

occurrence of syntectonic quartz veins and quartz-rich pegmatites (locally found only in the north), (2) metastability of 550 
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plagioclase in the presence of K-feldspar, which rarely shows significant sericitizationalteration via the reaction An + Or + 

H2O = Ms + Ep + Qz (more common towards the north) and (3) preferential high-pressure breakdown of plagioclase via the 

reaction An = Grs + Ky + Qz (common in the southerly exposures), rather than An + H2O = Ep + Ky + Qz. Aqueous fluids 

were most likely derived internally from hydrous minerals within the footwall gneisses and granitoids, implying that the rocks 

in the study area were a relatively closed system.  555 

The thickness of the Woodroffe Thrust mylonites generally increases with increasing metamorphic grade and does not appear 

to be linked to the presence or absence of an aqueous fluid. However, atypicaldecreasing availability of aqueous fluids. 

Atypical of a thrust, ductile deformation is more extensively developed in the footwall rocks and only marginally involved 

several tens of metres of the lowermost hanging wall. The inverse gradient of ductile deformation cannot be explained by 

thermal weakening or the distributed presence of pseudotachylyte (acting as preferred nucleation sites for shearing), but rather 560 

by preferential water-assistedrheological weakening inof the “wetter” footwall compared to the “drydrier” hanging wall. This 

reflects the earlier (Musgravian Orogeny) peak metamorphic conditions (granulite facies in the hanging wall and upper 

amphibolite facies in the footwall) and the contrasting availability of aqueous fluids derived from relict hydrous minerals in 

the footwall and hanging wall. 
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S1 Methodology 

S1.1 Scanning electron microscopy (SEM) 

Backscattered electron (BSE, atomic Z-contrast) analysis was performed using an FEI Quanta 200F scanning 

electron microscope equipped with a field emission gun at the Scientific Center for Optical and Electron 

Microscopy (ScopeM) at ETH, Zurich. BSE settings were: acceleration voltage 10-20 kV, working distance 10 5 
mm, aperture 3-4, spot size 4 and high vacuum. Thin sections were carbon-coated. 

S1.2 γ-ray spectrometry (232Th) 

Trace concentrations of thorium in felsic gneisses and granitoids have been measured using γ-ray spectrometry. 

This method, rather than laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), was applied, 

because it does not require extensive sample preparation and represents a quick and efficient method of acquiring 10 
the desired element concentration.  

Thorium-232 accounts for 100 % of the element’s natural abundance (Berglund and Wieser, 2011). Therefore, a 

sample’s thorium content was assessed by quantifying the activity of this particular radioactive thorium isotope. 

Thorium-232 was not measured directly because it is a pure α-emitter without photon emission (Fig. S1). 

However, due to the Mesoproterozoic age (ca. 1200 Ma) of the deformation event (Musgravian Orogeny) which 15 
produced the contrasting thorium concentrations in the hanging wall and footwall of the Woodroffe Thrust, all 

products of the thorium-232 decay series (Fig. S1) can be assumed to be in equilibrium (secular equilibrium in 

the thorium series is obtained after only 30 years). As a consequence, the activity of thorium-232 and all daughter 

isotopes is the same. Thus, the thorium concentration can be indirectly measured via the γ-decay of the shorter-

lived radium-228. The five most important peaks related to the γ-decay of radium-228 are located at 77.1 keV, 20 
238.6 keV, 338.4 keV, 583.2 keV, 911.1 keV in the energy spectrum (Fig. S2). Measurements were conducted on 

thin section chips (weights ranging between 14-42 g) using γ-ray spectrometers at the Paul Scherrer Institute (PSI) 

in Villigen, Switzerland with a default measurement time of two hours. If the aspired error (2 x standard deviation) 

of 10 % was achieved earlier (thorium-rich samples), the measurement was stopped, otherwise it was run 

overnight for up to 15 hours (thorium-poor samples). Results were weight-averaged, with the highest significance 25 
being attributed to the strongest peak at 238.6 keV, in order to obtain the activity of radium-228 normalized to 

sample weight (Bq/kg). Following up on the assumption that the activity of thorium-232 and radium-228 are the 

same, this value was divided by the specific activity of thorium-232 (4060 Bq/g; Eikenberg, 2002) in order to 

obtain the concentration of thorium-232. The detection limit was determined from the 238.6 keV peak of lead-

212. All measurements were done assuming a three centimetre plane source as sample geometry. Due to the 30 
dependence of the detector efficiency on the geometry and especially the thickness of each thin section chip, a 

correction factor was applied. This correction factor is equal to the relative difference between the detector 

efficiency of each sample with respect to the three centimetre plane source. All thin section chips were grouped 

according to their geometry and thickness and for each group a representative sample was chosen and the 

correction factor determined using a Monte Carlo approach. 35 
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Figure S1: Schematic illustration of the thorium-232 decay series members. For simplicity of the scheme, in comparison 40 
to standard isotope tables, neutrons are not considered. From Eikenberg (2002). 

 
Figure S2: γ-spectrum of radium-228 with the most relevant energy peaks highlighted. Sample SW13-323A 

(coordinates: 132.14344, -25.99211; location 6 in Fig. 1 of the main paper). 
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 45 

Figure S3: Calculation of the modal abundance of hydrous minerals from a BSE image.  Thresholds (red lines) were 

set between the individual grey scale values ranges defined by each mineral. Thin section is not oriented. Sample FW13-

093 (coordinates: 131.45213, -25.85455; location 3 in Fig. 1 of the main paper). 

S1.3  Modal abundance of hydrous minerals  

The modal abundance of hydrous minerals in thin section was quantified by running an image analysis script in 50 
Matlab R2013a (Fig. S3). Utilizing BSE images, thresholds were manually defined between the individual grey 

scale values ranges defined by each mineral. The modal abundance of each phase was calculated after subtracting 

all pixels that were not part of the stable mineral assemblage (e.g. holes and clasts in pseudotachylytes). The 

magnification was kept roughly constant at an image width between 60-80 µm.  

S1.4 Calcite isotope analysis 55 

Carbon (δ13CCal) and oxygen (δ18OCal) isotope analysis of fine-grained, syn-tectonically crystallized calcite has 

been performed using a GasBench II preparation device connected to a Delta V mass spectrometer (both 

ThermoFisher Scientific,  Bremen) at the Geological Institute at ETH, Zurich. The analytical procedures follow 

Breitenbach and Bernasconi (2011). Due to the low concentrations of calcite, slight modifications to these 

procedures include an increase in the amount of analysed sample material (9-13 mg) and utilized orthophosphoric 60 
acid (eight droplets) as well as the use of larger vials (12 ml). The data are reported in the conventional delta 

notation with respect to the V-PDB (Vienna Pee Dee Belemnite) and V-SMOW (Vienna Standard Mean Ocean 

Water) standard. For a reliable signal the benchmark Amplitude 44 (Ampl 44) should be above 2000.   

S1.5  Whole rock carbon isotope analysis 

Whole rock carbon isotopy (δ13Cwhole rock) was determined using a ThermoFisher Flash-EA 1112 coupled with a 65 
Conflo IV interface to a ThermoFisher Delta V isotope ratio mass spectrometer (IRMS). Samples were combusted 

in the presence of oxygen in an oxidation column at 1020 °C.  Combustion gases are passed through a reduction 

column (650 °C), and produced nitrogen and carbon dioxide gases separated chromatographically and transferred 

to the IRMS via an open split for on-line isotope measurements. Isotope ratios are reported in the conventional 

delta notation with respect to the V-PDB (Vienna Pee Dee Belemnite) standard. The system is calibrated with 70 
NBS22 (δ13C = -30.03 ‰) and IAEA CH-6 (δ13C = -10.46 ‰). Reproducibility of the measurements is better than 

0.2 ‰. For a reliable signal the benchmark Amplitude 44 (Ampl 44) should be above 2000. 

https://en.wikipedia.org/wiki/Vienna_Standard_Mean_Ocean_Water
https://en.wikipedia.org/wiki/Vienna_Standard_Mean_Ocean_Water
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S2 Calcite and whole rock stable isotopic signature 

In an attempt to constrain the origin of the hydrothermally introduced carbon (Fig. 7c of the main paper), felsic 

and mafic samples, with and without fine-grained, syn-tectonically crystallized calcite, have been isotopically 75 
analysed (for details on the methods see Supporting Information S1), with the results for δ13CCal, δ18OCal, and 

δ13Cwhole rock summarized in Table S1. With the exception of SW13-173A, calcite isotopic signatures were obtained 

for all calcite-bearing samples, yielding δ13CCal (V-PDB) values between -2.7 ‰ to -5.9 ‰ (mean average -4.1 

‰) and δ18OCal (SMOW) values between +5.7 ‰ and +14.5 ‰ (mean average +10.1 ‰). Within the same 

samples, the δ13Cwhole rock (V-PDB) isotopic signature is always lower (on average by 2.7 ‰) than the 80 
corresponding δ13CCal values. Calcite-free samples yield significantly lower δ13Cwhole rock values between -10.7 ‰ 

and -22.6 ‰ (Table S1), with this carbon presumably coming from CO2 contained in fluid inclusions. The 

amplitude (Ampl 44) of each measurement functions as a benchmark for the data’s reliability. This parameter 

should typically be above 2000 for a measurement to be considered trustworthy. Consequently, δ13CCal and δ18OCal 

of SW13-159 and NW14-408 are well constrained, whereas the results for NW13-203, SW14-025 and SW13-124 85 
are less reliable. The low benchmark values almost certainly reflect the very low modal abundance of calcite in 

the studied rocks (typically <1 %). Nevertheless, the determined values for each of the five samples are 

reproducible in different runs and are very similar to each other, which argues for their reliability.  

 

 90 

Table S1: Calcite (δ13CCal, δ18OCal) and whole rock (δ13Cwhole rock) stable isotope results for the central Musgrave Block. 

Abbreviations: hanging wall (HW), footwall (FW).  
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δ13CCal should provide information on the fluidbrine source, since there are no other carbon-bearing phases in the 

studied rocks (Collerson et al., 1972; Major, 1973; Major and Conor, 1993; Scrimgeour and Close, 1999). δ18OCal, 

on the other hand, should reflect the calcite crystallization temperatures. Our results are in agreement with the 95 
range of δ18O values for metamorphic waters (Taylor, 1997, his Fig. 6.4) and carbonates (Coplen et al., 2002, their 

Fig. 6) at temperatures of 500-600 °C, considering that the corresponding fluid phase should isotopically have 

been ca. 5-6 ‰ heavier than the crystallizing calcite (Chacko et al., 1991). Our δ13CCal results strongly overlap 

with the typical range of values for a rock-buffered system within igneous and metamorphic rocks (Coplen et al., 

2002, their Fig. 4). However, from Table S1 it is evident that δ13CCal is never identical to δ13Cwhole rock. 100 
Consequently, full rock-buffering has not been achieved and it should be possible to place some constraints on 

the potential carbon source. The range of determined δ13CCal values excludes a marine origin (Coplen et al., 2002, 

their Fig. 4), but is in agreement with a mantle (Deines, 2002; Javoy et al., 1986) or sedimentary source (Bitter 

Springs Formation; Hill et al., 2000). Within the underlying Amadeus Basin sediments, the most likely source 

would have been either the carbonate-bearing Bitter Springs Formation or its lateral equivalent the Pinyinna Beds 105 
(Wells et al., 1970; Young et al., 2002). However, both units do not crop out in the study area and, as outlined in 

Sect. 8.3.1 of the main paper, the Amadeus Basin sediments were potentially only imbricated below the Kelly 

Hills klippe after shearing on the Woodroffe Thrust had largely ceased. Hence, the CO2-dominated brines are 

likely mantle-derived.  
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S3 Hydrous minerals in felsic pseudotachylytes 110 

 

Figure S4: Representative BSE images of felsic pseudotachylytes from the hanging wall and footwall of the Woodroffe 

Thrust arranged into northern (locations 1-5 in Fig. 1 of the main paper), central (locations 6-9 in Fig. 1 of the main 

paper) and southern location groups (locations 11-14 in Fig. 1see Table 4 of the main paper). Overview thin section 

images are roughly 4 cm in width. (top left) Unoriented sample FW13-096 (coordinates: 131.45034, -25.85414; location 115 
3 in Fig. 1 of the main paper). (top right) Unoriented sample FW13-093 (coordinates: 131.45213, -25.85455; location 3 

in Fig. 1 of the main paper). (centre left) Unoriented sample SW14-029A (coordinates: 131.74496, -26.00093; location 

9 in Fig. 1 of the main paper). (centre right) Sample SW13-321 (coordinates: 132.14333, -25.99178; location 6 in Fig. 1 

of the main paper). Thin section is oriented N-S (left-right). (bottom left) Loose sample SW14-181B (coordinates: 

131.92595,  120 
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-26.17664; location 11 in Fig. 1 of the main paper). (bottom right) Unoriented sample SW14-237C (coordinates: 

131.83544, -26.25303; location 13 in Fig. 1 of the main paper).  

S4 Plagioclase stability microstructure 3 

 

Figure S5: BSE image of plagioclase with kyanite inclusions (microstructure 3). Elemental maps (Al, Ca, Fe) do not 125 
indicate the presence of epidote. The host rock is a statically overprinted dolerite dyke with a stable mineral assemblage 

of Pl + Cpx + Grt + Ilm + Ky + Rt + Qz. Relict orthopyroxene is locally present (top right corner). Thin section is not 

oriented. Sample SW13-167 (coordinates: 131.77475, -26.30845; location 14 in Fig. 1 of the main paper).   
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