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Abstract: The origin of the Stac Fada Member has been debated for decades with several 27 

early hypotheses being proposed, but all invoking some connection to volcanic activity. In 28 

2008, the discovery of shocked quartz led to the hypothesis that the Stac Fada Member 29 

represents part the continuous ejecta blanket of a meteorite impact crater, the location of 30 

which was, and still remains, unknown. In this contribution, we confirm the presence of 31 

shock-metamorphosed and -melted material in the Stac Fada Member; however, we also show 32 

that the properties of the Stac Fada Member are unlike any other confirmed and well 33 

documented proximal impact ejecta deposits on Earth. Instead, the properties of the Stac Fada 34 

Member are most similar to the Onaping Formation of the Sudbury impact structure (Canada) 35 

and impact melt-bearing breccias from the Chicxulub impact structure (Mexico). We thus 36 

propose that, like the Sudbury and Chicxulub deposits, melt-fuel-coolant interactions – akin to 37 

what occurs during phreatomagmatic volcanic eruptions – played a fundamental role in the 38 

origin of the Stac Fada Member. We conclude that these rocks are not primary impact ejecta 39 

but instead were deposited beyond the extent of the continuous ejecta blanket as high-energy 40 

ground-hugging sediment gravity flows.  41 

 42 

  43 



Introduction 44 

 45 

Over the past several decades, there has been a growing awareness of the importance of 46 

impact cratering as an important and, indeed, fundamental planetary geological process 47 

(Melosh 1989; Osinski & Pierazzo 2012; Grieve 2017). The ever increasing exploration of 48 

Solar System bodies by robotic spacecraft has returned a wealth of data on meteorite impact 49 

craters; however, the impact cratering record on Earth remains critical and necessary for 50 

ground-truthing planetary observations due to the ability to conduct fieldwork, detailed 51 

geophysical surveys, and to obtain samples with known context. The number of confirmed 52 

meteorite impact craters on Earth stands at approximately 200 (Osinski & Grieve 2019; see 53 

also www.impactearth.com for an up-to-date inventory). It is notable that there remains no 54 

confirmed impact crater in the British Isles, although the existence of both distal and proximal 55 

impact ejecta layers have been proposed from SW England (Walkden et al. 2002) and the 56 

Scottish Highlands (Amor et al. 2008; Drake et al. 2017). Of these, the Stac Fada Member, 57 

part of the Torridonian Supergroup, has received most attention to date and is the focus of this 58 

study. 59 

The ~1.2–1.0 Ga Torridonian Supergroup of NW Scotland comprises a succession of 60 

mostly reddish-brown sandstones as much as 8 km thick that rest unconformably on 61 

Neoarchaean rocks of the Lewisian gneiss complex (Stewart 2002). These distinctive rocks 62 

dominate the landscape of this region, forming prominent mountains. It is divided, from 63 

oldest to youngest, into the Stoer, Sleat and Torridon Groups. The Stac Fada Member is part 64 

of the Stoer Group (Fig. 1) and was initially thought to be volcanic in origin; ideas varied 65 

from an ash flow deposit related to hydroclastic eruptions (Lawson 1973), a hot mudflow 66 

generated by magma intruded into wet sediment (Sanders & Johnston 1989), to a volcanic 67 

debris flow (Stewart 2002; Young 2002). In 2008, Amor et al. (2008) proposed that the Stac 68 



Fada Member was an impactite (i.e., a rock affected by hypervelocity impact resulting from 69 

the collision of planetary bodies; Stöffler & Grieve 2007) called “suevite”, forming the 70 

proximal ejecta blanket of a meteorite impact structure. These conclusions were based on the 71 

presence of shocked quartz grains (and biotite with kink bands, which are not, however, 72 

diagnostic of shock; French & Koeberl, 2010), chromium isotopes and elevated platinum 73 

group metal and siderophile element abundances. More recently, these authors referred to the 74 

Stac Fada Member as an impact melt rock (Amor et al. 2019). The discovery of reidite 75 

(ZrSiO4) provided further evidence of an impact origin (Reddy et al. 2015). The location of 76 

the source crater remains unresolved: one suggestion is The Minch (Fig. 1), northwest of the 77 

outcrop belt (Amor et al. 2019), and the other is the Lairg Gravity Low (Fig. 1) (Simms 2015; 78 

Simms & Ernstson 2019), which, if correct, has significant implications for the deep crustal 79 

structure of northern Scotland (Butler & Alsop 2019; Simms 2019; Simms & Ernstson 2019). 80 

The motivation for our study was three-fold. Firstly, continuous impact ejecta blankets 81 

are rare on Earth due to their rapid erosion hence the Stac Fada Member could provide insight 82 

into ejecta emplacement on terrestrial planets (Branney & Brown 2011; Osinski et al. 2011). 83 

Secondly, very low amounts of shocked material combined with high glass abundance (Amor 84 

et al. 2008) and high degree of sorting are at odds with observations of other known impact 85 

ejecta deposits (Osinski et al. 2011, 2012) and this deserves explanation. Thirdly, the 86 

mechanism of emplacement of the Stac Fada Member remains a subject of debate. Here we 87 

provide additional documentation of shock features, further reinforcing the impact origin of 88 

material contained within the Stac Fada rocks. We offer, though, an alternative hypothesis for 89 

their genesis, one based on recent understanding of impactites associated with the Sudbury 90 

(Canada) and Chixulub (Mexico) impact structures, both of whose origins are attributed to 91 

molten-fuel-coolant interaction analogous to what occurs during phreatomagmatic volcanic 92 

eruptions (Grieve et al. 2010; Osinski et al. 2020). 93 



 94 

Geological setting of the Stac Fada Member 95 

 96 

The Mesoproterozoic Stoer Group defines a patchily preserved outcrop belt extending 97 

for ca. 50 km along the NW coastal area of Scotland (Fig. 1). It is the oldest non-98 

metamorphosed sedimentary rock unit in Britain, consisting predominantly of fluvial 99 

sandstone as much as 2.5 km thick and divided into the Clachtoll, Bay of Stoer, and Meall 100 

Dearg formations (Stewart 2002). The Bay of Stoer Formation is further divided into the Stac 101 

Fada and Poll a’Mhuilt members. The lithostratigraphy follows that of Stewart (2002) as 102 

amended by Simms (2015).  Potassium feldspar veins of presumed hydrothermal origin in the 103 

Stac Fada Member yield an 40Ar/39Ar age of 1177 ± 5 Ma (Parnell et al. 2011). 104 

The Stac Fada Member contains accretionary lapilli and abundant chloritized shards 105 

interpreted as former glass fragments. The latter two features are unique to the Stac Fada 106 

Member within the Torridonian succession and are key components in assessing its origin. 107 

Also important to note is that the overlying Poll a’Mhuilt Member was originally thought to 108 

be lacustrine (Stewart 2002), potentially formed due to drainage disruption by the effects of 109 

the impact (Amor et al. 2008; Simms 2015), but recently has been shown, in part, to be 110 

estuarine in origin (Stüeken et al. 2017).  111 

 112 

Samples and methods 113 

 114 

Fieldwork was carried out to investigate the Stac Fada Member on multiple occasions 115 

from 2008 to 2016. This unit was studied and sampled at 5 localities, with samples being 116 

collected with a chisel and rock hammer (Fig. 1). Optical microscopy was performed on 117 

polished thin sections from 46 samples using an optical microscope at up to 200x 118 



magnification combined with a four-axis universal-stage (U-stage) (Emmons 1943). The 119 

entire area of each thin section was examined and all quartz grain properties recorded, i.e. 120 

unshocked, shocked with planar fractures (PF), shocked with planar deformation features 121 

(PDF), number of sets of PFs and PDFs, presence of PDF decoration, and the overall 122 

appearance. The exact position of each shocked quartz grain was noted on a thin section map 123 

and crystallographic orientations of PF and PDF sets in shocked quartz grains were measured 124 

using the U-stage microscope, following the methods described in the literature (e.g. 125 

Engelhardt & Bertsch 1969; Stöffler & Langenhorst 1994; Ferrière et al. 2009a). Indexing of 126 

PDF sets was done with the Automated Numerical Index Executor (ANIE) program (using the 127 

average value of measurements and a 5° error; Huber et al. 2011). 128 

Quantitative analyses and investigation of micro-textures were carried out using both 129 

back-scattered electron (BSE) imagery and wavelength dispersive X-ray (WDS) techniques 130 

on a JEOL JXA-8900 L electron microprobe. Electron microprobe data were reduced using 131 

ZAF procedures incorporated into the operating system.  132 

Semi-automatic digital image analysis was conducted to quantify the geometry of clasts 133 

in hand samples to compare them to previously collected and published data on hand samples 134 

of other glass-bearing breccias from confirmed and well-studied impact ejecta deposits at the 135 

Ries (Germany) and Mistastin Lake (Canada) impact structures, together with similar glass-136 

bearing breccias from the Sudbury (Canada; i.e., the Onaping Formation) and Chicxulub 137 

(Mexico) impact structures (Osinski et al. 2016, 2020; Hill et al. 2020). Following the 138 

methods of Chanou et al. (2014), particles of interest (POI) (i.e., vitric particles) were 139 

segmented and measured using the National Instituted of Health’s digital imaging freeware, 140 

ImageJ. RGB images were contrasted so that vitric particles and associated features could be 141 

binned. If the contrast between the POI and the background was high enough, POIs were 142 

segmented by splitting the three colour channels and thresholding the resulting 8-bit grayscale 143 



image. If the original image contrast was not high enough, background subtraction allowed 144 

for isolation of clasts prior to splitting channels and segmenting the 8-bit grayscale image. 145 

Following segmentation of the POIs, the 8-bit grayscale images were manually corrected for 146 

any lighting, deformation, or image artefacts that could have been incorrectly segmented. 147 

Particle analysis was then conducted allowing for determination of area, perimeter, area 148 

fraction, shape descriptors and fractal dimension. 149 

 150 

Field relations and petrography 151 

 152 

The main characteristics of the Stac Fada Member are summarised in Table 1. We use 153 

the descriptive term “melt-bearing breccia” for the Stac Fada Member to reflect the fact that it 154 

contains material that was formerly molten and that overall, it is a rock that contains angular 155 

clasts >2 mm in diameter surrounded by a finer grained matrix; a caveat is that there are small 156 

areas where, in outcrop and hand sample, the Stac Fada Member could be classified as a 157 

sandstone. We also use the term “vitric” to describe the green clasts that were originally glass 158 

but are now completely devitrified and altered, although original morphologies are well 159 

preserved.  160 

Bay of Stoer. This is the type locality of the Stac Fada Member. There, melt-bearing 161 

breccia occurs in four main units (Young 2002), with the lower units resting sharply on and 162 

interbedded with sandstone of the Bay of Stoer Formation and containing several large (up to 163 

~14 m long), tabular rafts of Bay-of-Stoer sandstone (Fig. 2). The basal unit (SF1 of Young 164 

(2002)) is up to 3.2 m thick, sits sharply on underlying sandstone, and consists of a thin basal 165 

melt-free pebbly sandstone that grades upward over ~10 cm into typical vitric-bearing melt 166 

breccia. At low tide, it can be seen that the western contact of this basal unit is a fault, leading 167 

to the interpretation by some workers (e.g., Young 2002)) that this is not a separate layer but 168 



rather a faulted offset of the main uppermost layer described below. We could not confirm 169 

this and the lack of accretionary lapilli and fluid escape pipes that are seen in SF4 (see below) 170 

suggests that this may be a separate unit offset by an unknown amount from the other units. 171 

The next two units are wedged-shaped: the first (SF2) is ~1.5 m thick and the second (SF3) is 172 

a few cm to dm-thick; both taper and pinch-out towards the northern end of the outcrop (a 173 

distance of 10–15 m). Young (2002) considered these as discrete units but our observations 174 

suggest they are apophyses extending from the overlying unit. In other words, the three main 175 

Stac Fada Member units are continuous with each other (cf., Amor et al. 2008, 2019; Stewart 176 

2002). 177 

The uppermost melt-bearing breccia unit (SF4 of Young, 2002) averages ~12 m in 178 

thickness (Figs. 2a,b). This unit is typified by vitric clasts, <0.1 to ~1 cm across (Fig. 2c) and 179 

contains rounded to sub-rounded clasts of gneiss up to ~50 cm across (Fig. 2d). It has an 180 

erosional base and contains large (up to ~14 m long) sandstone clasts near the base (Figs. 181 

2a,b). These sandstone clasts are typically planar with shape controlled by the bedding; the 182 

sandstones appear to all be locally derived. Overall, this main Stac Fada Member unit appears 183 

massive, although crude indistinct bedding on the mm- to cm-scale is discernable towards the 184 

top and base; this bedding is much easier to see on polished hand specimens than in the field. 185 

Sub-vertical, honeycomb-like structures (fluid escape pipes of Amor et al. 2008 and Parnell et 186 

al. 2011) filled with authigenic feldspar are present throughout this unit. Rounded 187 

accretionary lapilli (~2 – 6 mm diameter; average ~2 mm) are dispersed through the 188 

uppermost 3 m but are concentrated in discontinuous lenses near the top of the unit. The Stac 189 

Fada Member is overlain sharply by several metres of channelled sandstone, identical to the 190 

underlying Bay of Stoer Group (see Fig. 1 of Stüeken et al. 2017). The sandstones contain 191 

reworked clasts of impact melt-bearing breccia and accretionary lapilli and the contact with 192 

the Stac Fada melt-bearing breccia locally shows deep erosive scours into the Stac Fada 193 



breccia (Fig. 2e). The sandstones pass upward over a few metres into grey and red mudstones 194 

of the Poll a’Mhuilt Member. 195 

In hand specimen and thin section, the vitric particles are dispersed in a clay to sand-196 

sized matrix and all are altered (Figs. 2c, 3a,b, 4). Image analysis of four samples delineated 197 

6,124 vitric particles with mean size of 0.2–0.4 mm with textures from shard-like and vesicle-198 

free to vesicular with flow textures (Figs. 4a–c). Vesicles are generally elongate and many are 199 

infilled with secondary minerals (Fig. 4c). It is notable that schlieren and quench crystallites – 200 

typical for impact glasses (Stöffler 1984) – are lacking in the samples we have studied (Table 201 

1). Some vitric clasts contain undigested quartz and, more rarely, feldspar grains.  202 

Rubh’ a’ Choin, Enard Bay. The Stac Fada Member is thickest (~20 m) at this 203 

locality and comprises a single unit. The bulk of the member at this location is the 204 

characteristic glass-bearing breccia similar to the main upper unit at the Bay of Stoer. The 205 

major difference is towards the top where the upper 2–3 m is dominated by accretionary 206 

lapilli (Figs. 2e, 3c, 4d); fluid escape pipes are also notably absent. Layering on the mm to 207 

dm-scale is occasionally present (cf., Gracie & Stewart 1967). It occurs above a variably thick 208 

interval of interbedded sandstone and sedimentary breccia of the Clachtoll Formation (Fig. 2f) 209 

(e.g., Stewart 2002). Amor et al. (2019) interpreted these underlying rocks to be a 210 

consequence of ballistic fragmentation along the outer layer of a collapsing ejecta blanket. 211 

However, careful inspection shows that these rocks are no different to the Clachtoll Formation 212 

elsewhere hence are most parsimoniously and objectively interpreted as material derived by 213 

normal erosional processes that formed the irregular palaeotopography observed everywhere 214 

along the contact of the Stoer Group and Lewisian gneiss complex. 215 

Outcrops elsewhere. The remaining outcrop localities of the Stac Fada Member south 216 

of Enard Bay are mostly thinner (<10 m thick) and their field and petrographic characteristics 217 

have been described in detail by Simms (2015) and, although differences exist between 218 



localities, the general character of the Stac Fada makes it recognisable from location to 219 

location. A notable exception is the ~7 m thick outcrop at Stattic Point in which accretionary 220 

lapilli are absent but vitric clasts are at the highest concentrations and exhibit the largest sizes, 221 

as much as ~15 cm across (cf., Amor et al. 2008; 2019). This outcrop also displays distinctive 222 

curved fractures that penetrate ~1 m into the outcrop and that do not continue into the 223 

overlying sandstone of the Poll a’Mhuilt Member. Simms (2015) interprets these features as 224 

ogive fractures or synsedimentary shear surfaces that develop on or near the surface of 225 

mudflows and other slowly moving viscous materials. 226 

 Textural image analysis. The Stac Fada Member is often described as being poorly 227 

sorted. However, that is only relative to the encasing sandstones. More importantly for this 228 

study is how the Stac Fada Member compares to glass-bearing breccias from other well-229 

studied impact structures where the stratigraphic context and setting with respect to the host 230 

crater is known. Thus, using the semi-automated image analysis methodology of Chanou et 231 

al. (2014), we quantified the degree of sorting of the Stac Fada breccias with respect to a 232 

calibrated sorting scale and compared this to data from other glass-bearing impact breccias. 233 

Specifically, we compared the Stac Fada Member to the two best-preserved and exposed 234 

examples of glass-bearing proximal ejecta deposits on Earth (the Ries (Engelhardt 1990) and 235 

Mistastin (Mader & Osinski 2018) impact structures), together with glass-bearing breccias 236 

from the Onaping Formation from the Sudbury impact structure (Grieve et al. 2010) and the 237 

Chicxulub impact structure (Osinski et al. 2020) (Figs. 5, 6). These results clearly show that 238 

the Stac Fada Member is markedly different to the Ries and Mistastin ejecta deposits, in that it 239 

is moderately to very well sorted, but displays similar properties to the Sudbury and 240 

Chicxulub glass-bearing breccias.  241 

 242 

Shock metamorphic indicators 243 



 244 

Due to the high pressures generated during the impact cratering process (up to and 245 

exceeding 100 GPa), rocks and minerals can undergo a series of transformations and produce 246 

a range of characteristic and diagnostic shock metamorphic effects (see French & Koeberl 247 

2010, for a review). The presence of planar deformation features (PDFs) in quartz provides 248 

unequivocal diagnostic evidence for meteorite impact events (French & Koeberl 2010) and, as 249 

such, was a high priority during our investigations. It is notable that we found no evidence of 250 

shock metamorphism in 30 clasts of shocked gneiss that we investigated; rather, shock effects 251 

are restricted to mineral clasts as described below. The absence of shock-metamorphic effects 252 

in lithic clasts is in stark contrast to impact melt-bearing ejecta from other impact craters, such 253 

as the Mistastin and Ries impact structures, but is in keeping with observations of the 254 

Onaping Formation from the Sudbury impact structure and the melt-bearing breccias from the 255 

Chicxulub impact structure (Table 1). 256 

In terms of the shock mineral grains, compared to other impact craters, the Stac Fada 257 

Member has a minimal amount of shocked quartz (Table 1). What shocked quartz is present, 258 

though, is varied (Table 2) and includes undulose extinction, PFs and/or PDFs, mosaicism and 259 

a few grains with patches of micrometre-scale fluid inclusions and a greyish-brown 260 

appearance (Fig. 7a), described by some workers as “toasted” (Whitehead et al. 2002; Ferrière 261 

et al. 2009b). The maximum number of shocked quartz grains with PFs and/or PDFs in any 262 

one thin section was eight. Occasionally, PFs and PDFs occur together in the same quartz 263 

grain. Typically, quartz grains contain one or two sets of PDFs (Figs. 7b–d), and more rarely 264 

three (Fig. 7e) or four sets were observed under the U-stage (Table 2). The PDFs are 265 

frequently decorated with numerous tiny fluid inclusions, and, thus, are more easily detected 266 

as compared to the less visible, non-decorated PDFs. It can be explained in part that additional 267 

PDF sets, not visible under the optical microscope, were detected (and measured) under the 268 



U-stage microscope (Fig. 8). Similar observations were reported in the detailed study of 269 

shocked quartz from the Bosumtwi crater (Ghana) by Ferrière et al. (2008). 270 

Because specific crystallographic orientations of PDFs in quartz grains are formed at 271 

different shock pressures (see e.g., Hörz 1968; Müller & Défourneaux 1968; Huffman & 272 

Reimold 1996), crystallographic orientations of PDF sets can be used to constrain the peak 273 

shock pressure that these grains have experienced. The crystallographic orientations of 90 PF 274 

and PDF sets in 59 shocked quartz grains from 18 thin sections were measured with the U-275 

stage. Data in absolute frequency % are reported in Table 3 and absolute frequency % of 276 

indexed PDF sets versus angle between the c-axis and poles to PDF planes is shown in Figure 277 

8. A large proportion, 63 absolute frequency percent, of all the poles to the PDF planes 278 

measured are oriented parallel to the ω{ } orientation. In addition, about 14 absolute 279 

frequency percent of the measured PDF sets are parallel to the { } orientation and also to 280 

the π{ } orientation, whereas, planes parallel to the c(0001), { }, and { } 281 

orientations are also present (Table 3; Fig. 8), but in somewhat lower proportions. It should be 282 

noted that because it is impossible to uniquely distinguish between { } and { } 283 

orientations using the U-stage when the angle between c-axis and poles to PDF is about 18–284 

23°, all measured planes that fall into the overlap zone between { } and { } 285 

orientations are considered as { } orientations for the purpose of our U-stage analysis, as 286 

recommended by Ferrière et al. (2009a). 287 

Only two quartz grains with PDFs were found in vitric clasts from two separate samples 288 

(Tables 1, 2), one had two PDF sets with { } orientations and the other had one highly 289 

decorated PDF set with { } orientation. Two shocked quartz grains were found in lapilli in 290 

one sample with one PF set orientated at { } and another at { }. A few feldspar grains 291 

were observed that were highly fractured, but these, too, did not display shock-related 292 

features. Kink bands were observed in muscovite and in chlorite grains. However, kink bands 293 
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in micas are common in metamorphosed and deformed rocks (e.g., Lewisian gneiss) and 294 

cannot be used as criteria for an impact origin.  295 

 296 

Discussion  297 

 298 

Confirming the presence of shocked material in the Stac Fada Member 299 

 300 

During meteorite impact events, pressures and temperatures are sufficient to vaporize, 301 

melt, and/or metamorphose a substantial volume of the target sequence (e.g., French & 302 

Koeberl 2010; Osinski et al. 2018). A variety of characteristic shock metamorphic indicators 303 

are produced, such as shatter cones, PDFs, and diaplectic glasses (French & Koeberl 2010; 304 

Ferrière & Osinski 2012). Amor et al. (2008) identified PDFs in 25 quartz grains from 9 thin 305 

sections. Our observations from 46 thin sections confirm the presence of PDFs in quartz. We 306 

documented 78 PDF sets in 48 quartz grains (Table 2), which is a notably lower PDF-plane-307 

to-grain ratio, 1.63, than the 2.36 reported by Amor et al. (2008). This difference of results is 308 

not surprising, as Amor et al. (2008) measured only 25 quartz grains in nine thin sections as 309 

compared to the 78 PDF sets in 48 quartz grains in this study. In addition, the U-stage results 310 

of Amor et al. (2008) left with 31% of PDF sets unindexed, raising questions about how 311 

representative their results are (Ferrière et al. 2009a). 312 

Based on our U-stage results, PDF orientations parallel to { }, like those measured 313 

in our work, require shock pressures between 12–20 GPa (Stöffler & Langenhorst 1994), with 314 

some workers suggesting a minimum required of 16 GPa (Hörz 1968). The presence of vitric 315 

clasts suggests that pressures could have been greater than ~50 GPa given that the impact was 316 

in hard and/or crystalline rocks (Stöffler 1972, 1984; Osinski et al. 2018). Thus, our results 317 

corroborate the findings of Amor et al. (2008) and Reddy et al. (2015) and further confirm 318 

3110



that the Stac Fada Member contains material derived from an impact event. However, the 319 

amount of shocked material in the Stac Fada Member is extremely low compared to other 320 

impact ejecta deposits (Table 1) (see also the recent detrital zircon and apatite study by Kenny 321 

et al. (2019)), which we discuss further below.  322 

 323 

6.2. The Stac Fada Member: a continuous impact ejecta deposit? 324 

 325 

Impact ejecta deposits can be defined as target materials transported beyond the rim of 326 

the transient cavity (Osinski et al. 2011). It is widely accepted that the initial emplacement of 327 

a continuous ejecta blanket around impact craters is via ballistic sedimentation (Oberbeck 328 

1975) in which ejected material follows a nearly parabolic flight path before striking the 329 

surface at some percentage of the velocity that it possessed when ejected. Upon landing, this 330 

primary ejecta continues to flow across the surface, generating considerable erosion and 331 

incorporation of local material (i.e., “secondary ejecta”), thereby modifying the region 332 

surrounding the host crater (Oberbeck 1975; Hörz 1982). Acknowledging that the target rock 333 

influences the final characteristics and radial extent of ejecta blankets (e.g., Oberbeck 1975; 334 

Hörz 1982; Barlow 2005; Osinski et al. 2011), the preserved remnants of well-studied 335 

continuous ejecta blankets (e.g., the Bunte Breccia at the Ries impact structure and Meteor 336 

Crater ejecta deposits) exhibit three common features: (i) abundant material shocked to low 337 

pressures, (ii) a dearth of high shocked and shock-melted material (i.e. vitric clasts), and (iii) 338 

very poor sorting with blocks reaching 100s of m to km in size (Shoemaker 1963; Hörz 1982; 339 

Hörz et al. 1983). While the low amount of shocked material is a common trait, it is clear that 340 

the Stac Fada Member bears little resemblance to the continuous ejecta blankets of simple 341 

(e.g., Meteor Crater) or complex (e.g., Ries) impact structures. Most critical is the overall well 342 

sorted nature and the preponderance of vitric clasts in the Stac Fada Member. Thus, ballistic 343 



emplacement can be ruled out for its emplacement (cf., Branney & Brown, 2011). Regarding 344 

the idea that isolated blocks of gneiss in sandstones immediately underlying the Stac Fada 345 

Member at some locations (e.g., Second Coast) (Simms 2015), while we do not see evidence 346 

for disturbance of the surrounding sediments – which would be expected due to the high 347 

velocities of spall blocks (Oberbeck 1975; Melosh 1989) – we cannot rule out the possibility 348 

that these are isolated crater-derived blocks ejected and transported for considerable distances 349 

beyond the continuous ejecta blanket. 350 

At most impact craters on Earth with preserved ejecta deposits, the continuous ejecta 351 

blanket is overlain by a second patchy layer of ejecta (Osinski et al. 2011). The properties of 352 

these overlying deposits are fundamentally different to the underlying continuous ejecta 353 

blankets. These overlying deposits are melt rich (being impact melt rocks and/or melt-bearing 354 

breccias, often termed suevite), contain a much higher proportion of shocked material, are still 355 

poorly sorted but do not contain clasts on the 10s m to km-scale, and are derived from deeper 356 

in the target stratigraphy (Osinski et al. 2011, 2012) (Table 1). 357 

As outlined in Table 1 and shown in Figures 5 and 6, the Stac Fada Member also bears 358 

little to no resemblance to the melt-bearing ejecta deposits at the Ries and Mistastin impact 359 

structures – the two best-preserved examples on Earth – or other craters as described in 360 

Osinski et al. (2011). While these ejecta deposits contain more melt than continuous ejecta 361 

blankets like the Bunte Breccia at the Ries structure, and similar to the Stac Fada Member, 362 

there are several important differences. Most importantly, the Stac Fada Member is 363 

moderately to very well sorted, contains very few shocked mineral clasts, no shocked lithic 364 

clasts, is dominated by vitric clasts rather than lithic clasts, and possesses internal layering 365 

and grading, all properties that fundamentally differentiate this unit from all other documented 366 

melt-bearing ejecta deposits on Earth (Table 1; Figs. 5, 6). In summary, in contrast to previous 367 

suggestions (Amor et al. 2008; Branney & Brown 2011), the properties of the Stac Fada 368 



Member are unlike any other confirmed proximal ejecta deposits on Earth. But what about 369 

Mars? 370 

Several previous workers have drawn analogies between the Stac Fada Member and 371 

impact ejecta deposits on Mars (Amor et al. 2008; Simms 2015). This analogy was largely 372 

based on invoking an impact into volatile-rich target rocks. Unfortunately, the ancient and 373 

eroded nature of the Stac Fada Member does not allow for any quantitative comparision to be 374 

made with martian ejecta deposits via satellite imagery – such as has been made for the Ries 375 

impact structure for example (Sturm et al. 2013) – and the lack of samples or surface-based 376 

imagery from rovers or landers from the latter also precludes any direct comparision. 377 

However, based on a combination of theoretical and observational considerations, regardless 378 

of the complicating factors due to volatiles and/or an atmosphere on Mars (Barlow 2005), it is 379 

still predicted that single layer ejecta craters are initially emplaced ballistically (Osinski 2006; 380 

Oberbeck 2009), which as discussed above, appears incompatible with the properties of the 381 

Stac Fada Member. 382 

 383 

6.3. Origin of the Stac Fada Member 384 

 385 

Unlike the stark differences between the Stac Fada Member and continuous impact 386 

ejecta deposits, it shares many striking similarities with impact melt-bearing breccias of the 387 

Onaping Formation (Sudbury) and those at the Chicxulub impact structure are striking (Table 388 

1; Figs. 5, 6). These include the predominance of vitric particles, low abundance of shocked 389 

material, overall well-sorted textures and presence of internal layering. 390 

Long thought to be a fallback breccia (French 1967), the Onaping Formation has been 391 

reinterpreted as the product of melt-fuel-coolant interactions (MFCI; Grieve et al. 2010), a 392 

process similar to what occurs during phreatomagmatic volcanic eruptions or hydrovolcanism. 393 



The products of volcanic MFCI activity are layered, fine-grained (fine to medium ash size), 394 

well sorted, and glass is the most abundant clastic component (Büttner et al. 2002). In this 395 

scenario, it is envisaged that seawater entered the Sudbury crater soon after the impact and 396 

encountered the superheated impact melt sheet (i.e., the proto-Sudbury Igneous Complex). A 397 

vapour film was created that would have expanded and collapsed rapidly as seawater came 398 

into direct contact with the melt to generate repetitive melt quenching and fragmentation 399 

(Wohletz 1983; Büttner et al. 2002; Grieve et al. 2010; Wohletz et al. 2013). The MFCI 400 

model is consistent with the fact that Sudbury occurred in a marine setting and has been tested 401 

via comparison with volcanic MFCI deposits (Osinski et al. 2016). Chicxulub impact melt-402 

bearing breccias share many of the same attributes as the Onaping Formation and an MFCI 403 

origin for those has also been recently proposed (Osinski et al. 2020). It is worth mentioning 404 

that various origins have been proposed for suevite at the Ries impact structure, including the 405 

suggestion that MFCI played a role (Artemieva et al. 2013; Stöffler et al. 2013). However, as 406 

is clear in Table 1 and as discussed by (Osinski et al. 2016) and Siegert et al. (2017), the Ries 407 

suevites bear little to no resemblance to volcanic MFCI deposits, or the aforementioned 408 

Sudbury and Chicxulub deposits, and thus do not share the same origin. 409 

Intriguingly, the Stac Fada Member contains many of the features of the Onaping 410 

Formation and Chicxulub impact melt-bearing breccias (Table 1), which hints strongly at 411 

causality and an origin involving MFCI. There are some differences, but these are subtle. For 412 

example, the vitric particles in the Stac Fada Member display a wider range of shapes and 413 

higher abundance of vesicles and clastic material is also more abundant compared to Sudbury 414 

or Chicxulub, but such differences are readily explained by variations of water-to-melt-mass 415 

ratios (e.g., Wohletz 1983). What is more central to the discussion is palaeogeography. Both 416 

the Onaping and Chicxulub deposits occur in the interior of large ~200–250 km diameter size 417 

craters located on what were shallow-marine shelves at the time of impact; no crater or melt 418 



material of comparable scale is known for the Stac Fada Member, which also does not sit 419 

inside a crater (as far as we know). Hence, we propose a modified MFCI scenario.   420 

Our working hypothesis is underpinned by three observations: (i) the Stac Fada Member 421 

rests on a succession of fluvial sandstones variably many tens to several hundreds of metres 422 

thick; (ii) shocked quartz is predominantly in the form of mineral clasts – consistent with a 423 

sandstone protolith – and gneiss clasts are unshocked, evidence that the impact likely 424 

breached the supracrustal cover sequence but not the crustal rocks; and (iii) fluvial deposition 425 

resumed following the impact, as evident by the presence of sandstones identical to those of 426 

the Bay of Stoer Formation that reoccur between the top of the Stac Fada Member and the 427 

Poll a’Mhuilt estuarine mudstones. Further, given that the Poll a’Mhuilt Member contains 428 

evidence for marine influences on deposition (Stüeken et al. 2017), shallow-marine settings 429 

would have been nearby. 430 

Our proposed scenario begins similar to that envisaged by Amor et al. (2008), namely 431 

that the impact was into volatile-rich sediments. However, the Stac Fada is encased by 432 

sandstone bodies that are identical to those that typify the underlying Bay-of-Stoer Formation 433 

(according to the revised stratigraphy of Simms 2015) and not, as suggested by Amor et al. 434 

(2008), the mudstones of the Poll a’Mhuilt.  Hence, unlike their scenario, it is far more in 435 

keeping with the stratigraphic observations that the impact was into the river systems and 436 

water-laden sandy sediments that are now preserved as the Bay of Stoer Formation rather than 437 

the mudstones of the Poll a’Mhuilt. Hence, there would have been abundant water to drive 438 

MFCI within the host crater and to transport this melt and other crater-derived material well 439 

beyond the host crater. Indeed, using the Oruanui Formation of New Zealand – the product of 440 

a 27 ka phreatomagmatic eruption from the Taupo Volcanic Zone – as an example, MFCI 441 

deposits can extend several hundred km from their source and cover thousands of square 442 

kilometres (Self & Sparks 1978). This dispersal by such energetic interactions thus accounts 443 



for the high amount of melt but also for the low amount of shocked material in the Stac Fada 444 

Member. 445 

In keeping with the presence of sedimentary structures and properties in the Stac Fada 446 

Member similar to debris flows (e.g., Stewart 2002; Young 2002), mud flows (Simms 2015), 447 

and density currents (Branney & Brown 2011), we envisage that its sedimentation would have 448 

been outwith the extent of the continuous ballistically-emplaced ejecta blanket as high-energy 449 

ground-hugging sediment gravity flows. Such a scenario is consistent with the careful 450 

sedimentological work of Stewart (2002) and Young (2002) modified by the knowledge that 451 

the melt component was generated by hypervelocity impact rather than volcanism. Whether 452 

the emplacement of these flows was triggered by the deposition of impact ejecta elsewhere, 453 

the MFCI process itself, or due to seismic shaking initiated by the impact, remains to be 454 

determined. Whatever the trigger, it is clear that the emplacement of the Stac Fada Member 455 

was rapid given the restriction of accretionary lapilli and dust pellets – which would have 456 

formed in the ejecta plume (Branney & Brown 2011; Johnson & Melosh 2014) – in the upper 457 

parts of the sequence. As for the location of the impact crater, we remain agnostic and await 458 

with the hope that additional evidence will be found to determine its position (assuming that it 459 

is preserved). 460 

 461 

7. Concluding remarks 462 

 463 

The Stac Fada Member is unique within the Torridonian Supergroup of northwest 464 

Scotland and, unsurprisingly, has been the subject of much debate over the past 50 years or 465 

so. A significant advancement in our understanding of this unit was the discovery of shocked 466 

quartz grains and other isotopic and geochemical evidence for an impact origin by Amor et al. 467 

(2008). In this contribution we have confirmed the presence of shocked material in the Stac 468 



Fada Member but highlight several properties that are clearly different to other known and 469 

well characterized impact ejecta deposits. As such, the Stac Fada Member should not be used 470 

to infer emplacement of impact ejecta in general (Branney & Brown 2011). We offer a 471 

modified impact model involving MFCI based on the similarities of the Stac Fada Member 472 

with well-sorted, glass-rich breccias from the Sudbury and Chicxulub impact structures and 473 

with volcanic MFCI deposits formed during phreatomagmatic volcanic eruptions. 474 

In closing, we note that the Stac Fada Member deposits are not accounted for in the 475 

current proposed classification scheme for impactites (Stöffler & Grieve 2007). They are 476 

unquestionably not impact melt rocks as proposed by (Amor et al. 2019), which by definition 477 

possess an igneous groundmass (e.g., Dence 1971; Stöffler & Grieve 2007; Osinski et al. 478 

2018). We have also shown that Stac Fada Member breccias bear little resemblance to 479 

traditional “suevite” found at craters such as the Ries and Mistastin impact structures. Instead, 480 

the Stac Fada Member joins the Onaping Formation at the Sudbury impact structure and the 481 

melt-bearing breccias at Chicxulub in representing a new class of impact product akin to 482 

volcaniclastic rocks (cf., Osinski et al. 2020).  483 
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 724 

Table 1. Basic characteristics of the Stac Fada Member, compared with Ries and Mistastin 725 

“suevite”, the Sudbury Onaping Formation, and Chicxulub impact melt-bearing breccias from 726 

the International Ocean Discovery Program / International Continental Scientific Drilling 727 

Program Expedition 364, site M0077A (21.45° N, 89.95° W). Table expanded from Osinski et 728 

al. (2020). 729 

 Ries (Engelhardt & 

Graup 1984; 

Engelhardt 1997; 

Osinski et al. 
2004) 

Mistastin 

(Mader & 

Osinski 2018) 

Chicxulub 

(Osinski et al. 
2020) 

Sudbury (Muir 

& Peredery 

1984; Ames et 
al. 2002, 2008; 

Grieve et al. 
2010) 

Stac Fada (this 

study and as 

noted) 

Stratigraphy 

 

No internal 

stratigraphy 

No internal 

stratigraphy 

Internal 

lithologies; 

layered on mm 

to dm-scale 

Internal 

lithologies; 

layered 

Internal 

lithologies; 

layered on mm 

to dm-scale  

(cf., Gracie and 

Stewart 1967; 

Simms 2015). 
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Relationship to 

topography 

Deposits infill 

topography 

Deposits infill 

topography 

Deposits drape 

topography 

(Christeson et 
al. 2018) 

Deposits drape 

topography 

Deposits infill 

and drape 

topography  
(Stewart 2002; 

Simms 2015). 

Sorting Poorly to very 

poorly sorted 

Poorly to very 

poorly sorted 

Well to very 

well sorted 

Well to very 

well sorted 

Moderately to 

very well sorted 

Graded? No No Yes Yes Yes 

Vitric clasts:      

Vol. % Average 16 vol% 

(although finer 

fraction of the 

groundmass also 

has glass particles) 

Average 15–20 

vol% 

>50 vol% >60 vol%; up to 

80 vol% in the 

Sandcherry 

Formation 

Typically >55 

vol% 

Size Typically 1–10 cm, 

but up to 1 m long 

in places 

Typically 1–10 

cm, but up to 

0.8 m long in 

places 

Typically 100s 

μm to ~5 mm; 

rarely > 1 cm 

Typically 100s 

μm to 1–5 mm; 

rarely > 1 cm 

Typically 100s 

μm to 1–5 mm; 

rarely > 1 cm 

(cf., Amor et al. 
2008; Simms 

2015). 

Shape Irregular Irregular Regular, equant Regular, equant Regular, equant 

Alignment? Yes Yes No No No to Rare 

Mineral/ lithic 

fragments in 

clasts? 

Abundant Abundant Rare Rare Rare 

Vesicles? Abundant Abundant Rare Rare Variable 

Schlieren? Abundant Abundant Rare None/rare None/rare 

Quench 

crystallites? 

Abundant Abundant None/rare None None 

Impact melt 

rock clasts? 

None None Yes Yes None 

Deposition 

temperature 

High (>900 oC) High (>900 oC) Low (<580 oC) Low Low (~200 oC) 

(Parnell et al. 
2011) 

 

Shock level of 

lithic clasts 

>90 % shocked to 

> 10 GPa 

>75 % shocked 

to > 10 GPa 

<<5 % shocked <<5 % shocked <<5 % shocked  



 Table 2. Characteristics of quartz grains and main petrographic observations as determined by optical microscopy on 26 thin sections of the different types of 

breccia samples from the Bay of Stoer.  

 
   

PFs 
  PDFs   Decorated 

PFs/PDFs 

  
Notes 

UTM Coordinates     1 set 2 sets 3 sets 4 sets     

 Impact melt-bearing breccia     

SF08 002A NC 03327 28532   1   3         4   Kink bands in muscovite 

SF08 002B NC 03327 28532   1   1 1 1         -  

SF08 003A NC 03330 28545   1   3 1 1     3   Kink bands in muscovite 

SF08 003B NC 03330 28545   1   3 1       1   One quartz grain with two PDF sets occurs within a vitric melt clast.  

SF08 004A NC 03323 28533       1 2       2   Kink bands in muscovite and rarely in feldspar grains 

SF08 004B NC 03323 28533   1   3 2       1   - 

SF08 005A NC 03317 28548   1   1 2 2 2   2   A few toasted quartz grains occur 

SF08 005B NC 03317 28548   1   4 2       1   Occurrence of a very vitric clast containing abundant undigested mineral clasts (mainly quartz 

but also a few feldspar grains).  

SF08 005C NC 03317 28548       2   1         Presence of shard-like vitric clasts  

SF08 010A* NC 03107 14582                     Occurrence of vitric clasts recrystallized/altered to chlorite and zeolite  

SF08 010B NC 03107 14582       3 1 1     2   One quartz grain with one set of highly decorated PDF occurs within a vitric clasts. The thin 

section displays a large amount of vesicular vitric clasts 

SF08 011 NC 03107 14582       2 1       1   Several highly fractured feldspar grains occur 

SF08 012A NC 03130 14598       1         1   - 

SF08 012B* NC 03130 14598                     Several toasted quartz grains occur. Kink bands in muscovite. Many altered vitric clasts with 

numerous undigested angular quartz grains 

                          Impact melt-bearing breccia with lapilli     

SF08 009A NC 03081 14593   1   1             Presence of lapilli; the two shocked quartz grains occur within a lapilli  

SF08 009B NC 03081 14593       2         2   Presence of lapilli 

                          Other type of breccia     

SF08 001A NC 03326 28530   2   1             Kink bands in micas. No melt particles occur.  

SF08 001B NC 03326 28530   4   1         1   Kink bands in micas. No melt particles occur.  

                          (*) Samples in which shocked quartz were not detected during our investigations.  
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Table 3. PDF set abundances and indexed PDF crystallographic 

orientations in quartz grains from 16 thin sections of breccia 

samples from the Bay of Stoer, as determined using the 

universal-stage. 

  
No. of investigated grains 48 
No. of measured sets 78 
No. of PDF sets/grain (N) 1.6 
    PDF sets; % relative to total no. of quartz grains examined 
1 set 60 
2 sets 21 
3 sets 15 
4 sets 4 
Total 100 
    
Indexed PDF crystallographic orientations; absolute frequency (%)a 
PDF crystallographic orientations 
c (0001) 3.8 
{ } 14.1 
{ } // { }b 17 
ω { }c 46 
π { } 14 
r, z { } n.d. 
m { } n.d. 
ξ { } n.d. 
s { } n.d. 
ρ { } 2.6 
x { } n.d. 
a { } n.d. 
{ } 1.3 
{ } n.d. 
t { } n.d. 
k { } n.d. 
Unindexed 1.3 
Total 100 

 

aMethod described in Ferrière et al. (2009a); indexing done using the Automated Numerical Index Executor 
program (using the average value of measurements and a 5° error; see Huber et al. 2011). 
bPDF planes which plot in the overlapping zone between { } and { } crystallographic orientations.  
c{ } PDF orientations uniquely indexed.  
n.d. = none detected.  
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Figure captions 

Fig. 1. Simplified map of NW Scotland highlighting the location of the Stoer Group in red. 

The 5 study locations, from north to south, are Bay of Stoer (BS), Enard Bay (EB), 

Achiltibuie (A), Cailleach Head (CH), and Stattic Point (SP). Other abbreviations: MF = 

Minch Fault; MMH = Mid-Minch High; MTZ = Moine Thrust Zone; OHFZ = Outer Hebrides 

Fault Zone. 
 

Fig. 2. Field photographs of the Stac Fada Member. (a) Bay of Stoer locality. (b) Same image 

as (a) with the Stac Fada Member highlighted in a red overlay. “SF2” and “SF4” correspond 

to the units of Young (2002) (see text for further details). “c” are two large sandstone clasts. 

(c) Classic example of the Stac Fada Member with green vitric clasts. Tip of rock hammer for 

scale. Bay of Stoer locality. (d) Rounded gneiss clast, centre above 35 cm-long rock hammer. 

Bay of Stoer locality. (e) The upper contact of the Stac Fada Member with overlying basal 

sandstones preserves evidence for erosion and reworking. (f) Accretionary lapilli at the Enard 

Bay locality. (g) Rock hammer resting on Stac Fada Member. The more rubbly outcrop 

wrapping around the “intact” Stac Fada Member is interpreted to be later channel fill deposits.  

 

Fig. 3. Scanned polished thin sections of the Stac Fada Member melt-bearing breccias. All 

scale bars are 0.5 cm and all samples are from the Bay of Stoer locality. 

 

Fig. 4. Plane-polarized light photomicrographs of the Stac Fada Member melt-bearing 

breccias. (a) Shard-like, devitrified and altered melt fragment from Bay of Stoer. Note the 

presence of quartz mineral clasts (b) Devitrified and altered melt fragment from Bay of Stoer. 

Note the elongated shape of the large vesicle. (c) Devitrified and altered melt fragment with 

vesicles infilled with the same phase that altered the glass (white arrows). Bay of Stoer 

locality. (d) Accretionary lapilli-rich sample from Enard Bay. Note the presence of whole and 

broken lapilli. Some lapilli have glass fragments in their cores (white arrows). 

 

Fig. 5. Scanned hand specimen images and corresponding black and white image analysis 

products highlighting impact glass from the Stac Fada Member (a), Ries impact structure 

(Germany) (b), Mistastin Lake impact structure (Canada) (c), and the Onaping Formation of 

the Sudbury impact structure (Canada) (d). All scale bars are 1 cm. 
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Fig. 6. Cumulative area and perimeter fraction plots to show the degree of sorting in Stac 

Fada Member and other impact melt-bearing breccia deposits. Here the cumulative area 

fraction is a running total of the area for particles of interest over the total area for all particles 

of interest. Likewise, the cumulative perimeter fraction is a running total of the perimeter for 

particles of interest over the total perimeter for all particles of interest. (a) Using the methods 

of Chanou et al. (2014), the results for a typical sorting scale clearly differentiate each sorting. 

The slope indicates the rate of fraction increase which is greater for poorly sorted samples. 

The cut-offs and jumps in the fractions are due to the occurrence of larger and more complex 

particles causing a shift in the cumulative values. The results for a typical sorting scale clearly 

differentiate each sorting level. Very well-sorted samples have a slope of ~1 and show a 

continuous linear distribution. Less sorted samples have progressively steeper and more 

discontinuous distributions. (b) Results for the Stac Fada Member demonstrate the high 

degree of sorting. (c) Traditional “suevite” from the Ries and Mistastin Lake impact structures 

(see Figs. 5b and c) are clearly more poorly sorted than the Stac Fada Member. (d) The 

Onaping Formation (see Fig. 5d) from the Sudbury impact structure and impact melt-bearing 

breccias from the Chicxulub impact structure (from IODP/ICDP Expedition 364, site 

M0077A) are well sorted, like the Stac Fada Member. 

 

Fig. 7. Thin section photomicrographs (in cross-polarized light) of shocked quartz grains in 

breccia samples from the Stac Fada Member. (a) Large toasted quartz grain with the typical 

orange-brown to grayish-reddish brown appearance (sample 012b). (b) Quartz grain with one 

prominent set of c(0001) planar fractures (PF) (sample 001b). (c) Quartz grain containing two 

decorated PDF sets with ω{ }-equivalent orientations (sample 010b). (d) Small quartz grain 

with two sets of decorated PDFs; both PDF sets with ω{ }-equivalent orientations (sample 

004a). (e) Highly shocked quartz grain with three PDF sets, with ω{ }-, { }-, and ω’{

}-equivalent orientations (sample 002b). (f) Quartz grain showing one prominent decorated 

PDF set with ω{ }-equivalent orientation. Note that another PDF set (*), with π{ }-

equivalent orientation, is visible in this grain under U-stage microscope (sample 004a).  

 

Fig. 8. Histogram of the absolute frequency percent of indexed PDFs in quartz grains from 

Stac Fada breccia samples using the Automated Numerical Index Executor (ANIE) program 

(with the average value of measurements and a 5° error; see Huber et al., 2011) for the 

indexing. Note that PDF planes that fall into the overlap zone between { } and { } 
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crystallographic orientations (see Table 3) are considered as { } orientations in this figure, 

as suggested by (Ferrière et al. 2009a). 
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