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Abstract: The Strathpeffer–Struie Lower Devonian LORS

(Lower Old Red Sandstone) deposits of the Northern High-

lands of Scotland contain the decidedly unusual ‘foetid

beds’. These are interpreted as being deposited in a highly

saline sulphate lake and associated playa mudflat, which

developed in an intermontane basin in the Caledonian

Mountains of Laurussia. Palynological analysis was underta-

ken to investigate the biota and environments of deposition

of these deposits. The sediments of the saline lake and asso-

ciated playa mudflat reveal highly unusual palynofacies

dominated by cyanobacterial, fungal and algal remains. Pre-

sumably the high salinity lacustrine conditions excluded

grazing invertebrates and fish, enabling microbial mats and

stromatolites to flourish, as is the case in modern

high-altitude highly saline sulphate lakes. Dispersed spore

assemblages recovered from the sequence are equated to the

D–E Spore Assemblage Biozone/AP Oppel Zone (Pro Inter-

val Zone) and suggest a latest Emsian age. The spore assem-

blages are depauperate compared with those from coeval

lowland deposits from Laurussia, suggesting that the vegeta-

tion represents a restricted, partially endemic, upland flora.

In the palynological samples, rare examples of the terrestrial

fauna of the basin are represented by dispersed arthropod

cuticle, including the earliest example of a scorpion pectinal

tooth with peg sensilla.

Key words: Scotland, Emsian, spore, early land plants,

microbial mat, stromatolite.

THE Strathpeffer–Struie outcrop of the Northern High-

lands of Scotland preserves a remarkable sequence of

Lower Devonian LORS (Lower Old Red Sandstone)

deposits (Fig. 1). They accumulated in a back-tilted basin

(Dingwall–Strathpeffer Basin) that developed in a strike–

slip zone between the Northern Highlands and Grampian

Highlands terranes (Clarke & Parnell 1999). The basin

infilled with typical LORS terrestrial-fluviatile-lacustrine

sediments, but also includes unusual saline lake and asso-

ciated playa mudflat deposits. The latter consist of foetid

bituminous and calcareous shales with thin limestones.

The famous ‘sulphur waters’ of Strathpeffer’s Victorian

spa are produced by groundwater percolating through

these beds. In this paper I describe the palynofacies of the

unusual sedimentary sequence of this basin, utilize the

dispersed spore assemblages to age constrain and correlate

the beds, and reconstruct the flora and fauna of the

basin.

GEOLOGICAL SETTING

The Devonian ORS deposits of the Orcadian Basin

straddle the Great Glen Fault System and as such crop

out on both the Northern Highlands to the northwest

and the Grampian Highlands to the southeast. These

deposits accumulated in the Caledonian Mountains, situ-

ated on southeast Laurussia at c. 30°S, in the arid–

semiarid climate belt (Torsvik & Cocks 2017). The later-

ally and vertically extensive ORS deposits rest uncon-

formably on an ancient landscape consisting largely of

Moine Schists. Over most of the area there is a thin

basal sedimentary unit (originally termed the ‘Basement

Group’ or ‘Barren Group’) that is generally considered

to be LORS of Early Devonian age. The Basement

Group is overlain by MORS of Middle Devonian age.

The contact is either unconformable (e.g. Berriedale

Outlier) or disconformable (e.g. Sarclet Outlier). The

Basement Group of the Northern Highlands north of

the Great Glen Fault System forms a series of discrete

outcrops (Fig. 1):

1. The Sarclet Outlier of the Sarclet Dome.

2. The ‘northern Lower Old Red Sandstone’ (sensu Tre-

win & Thirlwall 2002) cropping out in a strip from

Braemore northwards to Shurrery, and including the

smaller Strathy, Ben Griam, Kirtomy, Roan Island

and Tongue Outliers to the west of this.
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3. The Berriedale Outlier (Badbea Basin or Ousdale–

Badbea Outlier) located north of the Helmsdale

Granite (Wellman 2015).

4. The Brora Outlier (Golspie Basin) located south of

the Helmsdale Granite (Dec 1992).

5. The Meall Odhar or Crask Outlier.

6. The Strath Rannoch Outlier.

7. The Strathpeffer–Struie deposits of the Dingwall–

Strathpeffer Basin (this paper).

8. The Den Siltstone Formation (Fletcher et al. 1996).

9. The Mealfuarvonie Outlier (Mykura & Owens 1983).

The LORS deposits of the Strathpeffer–Struie outcrop

are mapped on the British Geological Survey 1:50 000

Series Scotland Sheet 83, 93 and 94. The geology of

these deposits is described in the associated Memoirs

of the Geological Survey of Scotland (Horne & Hinx-

man 1914 (sheet 83); Peach et al. 1912 (sheet 93) and

Horne 1923 (sheets 84 and 94)). More recently the

geology of the deposits has been considered by Wes-

toll (1977), Friend & Williams (1978), Parnell (1985a,

1985b), Clarke & Parnell (1999), Trewin & Thirl-

wall (2002) and Marshall (2024). It is noteworthy that

subsurface Lower Devonian sequences in excess of

1 km in thickness are present offshore in the Moray

Firth (Marshall & Hewett 2003). These occur in a ser-

ies of half-grabens that are located to the south of the

Great Glen Fault.

The Strathpeffer–Struie outcrop forms a southwest–

northeast-oriented strip c. 55 km long and up to 8 km

wide (Figs 1–3). To the west it unconformably overlies or

is faulted against Proterozoic metasediments (Moine

Schists). To the east it is unconformably overlain or is

faulted against Middle Devonian MORS deposits. The

sedimentary sequence in the basin has been variously sub-

divided and named over the years (summarized in

Table 1). Most recently these deposits have been mapped

by the British Geological Survey as the Sarclet Sandstone

Group (Ousdale Arkose Formation (including Mealfuar-

vie Sandstone Member) and Braemore Mudstone Forma-

tion). However, this coarser regional stratigraphical

nomenclature loses some important detail. In this paper

we use the stratigraphical terminology of Clarke &

Parnell (1999) and include their nomenclature for the dif-

ferent facies developed (Tables 1, 2; Figs 1–3).

The basin is dominated by a lacustrine system (Fig. 4).

A basal breccia represents talus scree and alluvial fan

deposits (Facies 1–3 of the Torr Achilty Fm.). A peren-

nial, highly saline, sulphate lake developed and is repre-

sented by Facies 6a of the Strathpeffer Fm. with Facies 6b

of the same formation developed at the margins of the

lake as marginal lacustrine mudflats. These merge into

playa mudflats (Facies 5 of the Moy Formation) that

merge into distal fluvial plain deposits (Facies 4 of the

Moy Fm.).

Of particular interest are the ‘foetid beds’, which smell

of hydrogen sulphide when freshly split. Groundwater

percolating through these produces the ‘sulphur waters’

that made Strathpeffer famous as a Victorian spa town.

The ‘foetid beds’ contain dolomitized stromatolite and

algal mat structures that developed in the saline lake.

Kerogenous laminae are also present that probably

represent microbial mats. Evaporites, preserved as

gypsum (and possibly anhydrite) pseudomorphs and

diagenetic quartz nodules, are interpreted as developing

due to evaporative concentration of the saline lake

(Parnell 1985a). Parnell (1985a) suggested that the pre-

sence of pyrite is likely to reflect sulphate reduction dur-

ing diagenesis.

Richardson (1967) briefly reported on spore assem-

blages recovered from the Basement Group ‘olive shales’

at Strathpeffer. He noted that the assemblages were poor,

but not carbonized, and contained ‘robust ribbed

Emphanisporites’, E. ?annulatus and ‘well-developed

zonate-pseudosaccate spores’. He compared them with

other spore assemblages from Scotland and noted that

they were closest to those from the Strathmore Beds,

although the zonate-pseudosaccate spores were more

abundant and showed greater variety in the Strathpeffer

assemblages, and the presence of smooth ?pseudosaccate

forms suggested a slightly younger age. At this early stage

in the study of Early Devonian dispersed spores, with few

independently age-dated records, age constraint was

imprecise and Richardson suggested that the Basement

Group assemblages of the Strathpeffer area were probably

Early Devonian in age. Subsequently, Richardson &

F IG . 1 . Map of the eastern part of the Northern Highlands of Scotland, showing the distribution of Lower Devonian LORS (Lower

Old Red Sandstone) deposits. The Strathpeffer–Struie outcrop is enclosed in the dashed box. 1, Sarclet Outlier of the Sarclet Dome; 2,

‘northern Lower Old Red Sandstone’ (sensu Trewin & Thirlwall 2002) cropping out in a strip from Braemore northwards to Shurrery,

and including the smaller Strathy, Ben Griam, Kirtomy, Roan Island and Tongue Outliers to the west of this; 3, Berriedale Outlier

(Badbea Basin or Ousdale–Badbea Outlier) located north of the Helmsdale Granite (Wellman 2015); 4, Brora Outlier (Golspie Basin)

located south of the Helmsdale Granite (Dec 1992); 5, Meall Odhar or Crask Outlier; 6, the Strath Rannoch Outlier; 7, Strathpeffer–

Struie deposits of the Dingwall–Strathpeffer Basin (this paper); 8, Den Siltstone Formation (Fletcher et al. 1996); 9, Mealfuarvonie

Outlier (Mykura & Owens 1983).
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Rasul (1978) noted that the assemblages were almost

identical to those from the Strathmore Group of the Mid-

land Valley (Table 3) that were therein dated as Emsian

(probably middle Emsian).

Macrofossils are extremely rare in the sequence. From

Allt Goibhre (Appendix A), where there is exposure in

the river south of the bridge and in the road cutting

immediately west of the bridge, dark grey shales and fine

F IG . 3 . Cross-sections through the Strathpeffer–Struie outcrop showing the distribution of geological formations and numbered

facies. The locations of the cross-sections are marked in Figure 2. Modified from Clarke & Parnell (1999) with permission. Abbrevia-

tion: MORS, Middle Old Red Sandstone.

TABLE 1 . Stratigraphical nomenclature for the sequence of the Strathpeffer–Struie Basin.

Horne & Hinxman (1914) Johnstone & Mykura (1989) Clarke & Parnell (1999)

5. Red shales passing upwards into

sandstone (c. 600 ft)

Strathpeffer Group: Red Shales

and Sandstones (200 m)

Moy Fm. (>200 m) (Facies 4–5)

4. Olive shales with shaly foetid limestone

(c. 280 ft)

Strathpeffer Group: Olive Shales

(85 m)

Strathpeffer Fm. (>250 m) (Facies 6)

3. Foetid bituminous calcareous shales and

thin limestones (the Spa beds) (c. 100 ft)

Strathpeffer Group: Spa Beds

(30 m)

“

2. Olive shales and foetid calcareous bands

(the Ord beds) (800–1000 ft)

Strathpeffer Group: Ord Beds

(250–300 m)

“

1. Red and yellow sandstones and

conglomerates (basement group)

Kilmorack Group: Basal

Conglomerate and Breccia

Torr Achilty Fm. (>245 m) (Facies 1–3)

Note that Johnstone & Mykura (1989) used a separate stratigraphical terminology (the Struie Group) for the sediments in the north

of the basin.
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sandstones (Torr Achilty Fm. Facies 3) have yielded a

clam shrimp (reported as Estheria sp.) and a solitary fish

fragment (Mykura 1978). Dunlop et al. (2023) described

a scorpion fragment (Fig. 5A) recovered during

palynological analysis from Wyvisdale (Appendix A: Sam-

ple CSP1) where there is an excellent exposure of interdi-

gitating sediments belonging to Facies 6b (interbedded

bituminous dolomitic series) and Facies 5 (red and grey

TABLE 2 . Facies developed in the Strathpeffer–Struie Basin (after Clarke & Parnell 1999).

Formation Environment Facies Palaeoenvironment

Torr Achilty Fm. Talus scree and alluvial fan (1) Breccia Localized scree deposits

Torr Achilty Fm. Talus scree and alluvial fan (2a) Clast-supported conglomerate Localized grain flow deposits

Torr Achilty Fm. Talus scree and alluvial fan (2b) Matrix-supported conglomerate Streamflood and stream channel

deposits

Torr Achilty Fm. Talus scree and alluvial fan (2c) Pebbly sandstones Debris flow deposits

Torr Achilty Fm. Talus scree and alluvial fan (3) Micaceous sandstones and siltstones Streamflood and overbank

sheetflood deposits

Moy Fm. Playa mudflats and distal

fluvial plain

(4) Buff and red sandstones Channelled streamflood and

unconfined sheetflood

Moy Fm. Playa mudflats and distal

fluvial plain

(5) Red and grey mudstones Sheetflood and settle-out from

playa lakes

Strathpeffer Fm. Perennial lacustrine (6a) Interlaminated bituminous dolomitic

series

Perennial saline lake and rare

subaerial exposure

Strathpeffer Fm. Perennial lacustrine (6b) Interbedded bituminous dolomitic

series

Sheetflood and settle-out at lake

margins

F IG . 4 . Model of the Lower Old Red Sandstone palaeoenvironments of the Dingwall–Strathpeffer Basin showing the distribution of

numbered facies. Modified from Clarke & Parnell (1999) with permission.
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mudstones) in the Strathpeffer and Moy fms (Clarke &

Parnell 1999).

MATERIAL & METHOD

During the course of six fieldtrips 60 samples were collected

from throughout the LORS sequence of the outlier

(Appendix A). In addition, a single sample of a now inac-

cessible exposure was donated by John Parnell. The samples

were processed using standard palynological techniques:

HCl–HF acid maceration followed by heavy liquid separa-

tion using zinc chloride. Recovered organic residues were

sieved using a 20 lm mesh, strew mounted onto glass cov-

erslips, and attached to a glass slide using epoxy resin. A

single slide of unoxidized residue was prepared for palyno-

facies analysis using a light microscope. The remainder of

the organic residue was oxidized for 10–20 min using

Schultz solution, to remove excess amorphous organic

matter (AOM) and pyrite and lighten the palynomorphs.

Several slides of oxidized residue were prepared for light

microscope analysis of the spore content. The palynological

preparations were extremely variable, often displaying unu-

sual palynofacies, as described below (see also

Appendix A). When present, dispersed spores are of ther-

mal alteration index 3� to 3 (based on the colour chart

provided in Traverse 2007). Low thermal maturity is sug-

gested based on the recovery of molecular biomarkers from

the Strathpeffer sequence (Akinsanpe et al. 2024). All mate-

rials (samples, residues, slides) are housed in the collections

of the Centre for Palynology of the University of Sheffield.

RESULTS: PALYNOFACIES

The nature of the palynological preparations (palynofacies)

for each of the main formations/facies is described in the fol-

lowing account with sample details provided in Appendix A.

TABLE 3 . Previously reported dispersed spore assemblages from the LORS of Scotland.

Terrane Locality/stratigraphy Age [Ma] (spore zone) References

SMVOS (W–E) Midland Valley Silurian inliers Early Wenlock [430–433]

(CN Zone)

Wellman & Richardson (1993)

Wellman (2024)

SMVOS (W–E) Greywacke Conglomerate Lochkovian [414–418]

(MN Zone)

Wellman (2024)

NMVOS (W) Arran Early–middle Emsian [400–410]

(AS Zone)

Wellman (2010)

NMVOS (W) Portencross Beds Lochkovian [414–418]

(MN Zone)

Wellman (1993a)

NMVOS (E) Stonehaven Group Late Wenlock [427–430]

(BV Zone)

Marshall (1991)

Wellman (1993b)

Lavender & Wellman (2002)

Wellman et al. (2023)

NMVOS (E) Arbuthnott Group Lochkovian [414–418]

(MN Zone)

Richardson et al. (1984)

Lavender & Wellman (2002)

NMVOS (W–E) Strathmore Group Early–middle Emsian [400–410]

(AS Zone)

Richardson (1967)

Richardson et al. (1984)

GHOS (W) Lorne Earliest Lochkovian [418–420]

(pre-Mn Zone)

Marshall (1991)

Wellman & Richardson (1996)

GHOS (W) Glencoe Lochkovian [414–418]

(MN Zone)

Wellman (1994)

GHOS (E) Rhynie Late Pragian to ?earliest

Emsian [410–413]

(PE Zone)

Wellman (2006)

NHOS Mealfuarvonie inlier Late Emsian to ?earliest

Eifelian [393–400]

Mykura & Owens (1983)

NHOS Strathpeffer–Struie outcrop Latest Emsian [393–400]

(DE Zone)

Richardson (1967)

This paper

NHOS Berriedale Outlier Early–middle Emsian [400–410]

(AS Zone)

Collins & Donovan (1977)

Wellman (2015)

E, east; GHOS, Grampian Highlands of Scotland; LORS, Lower Old Red Sandstone; NHOS, Northern Highlands of Scotland; NMVOS,

Northern Midland Valley of Scotland; SMVOS, Southern Midland Valley of Scotland; W, west. Numerical age dates are based on the

International Commission on Stratigraphy International Chronostratigraphic Chart (v2024-12; Cohen et al. 2013).
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Torr Achilty Fm. Facies 1–3

Facies 1–2 conglomerates and breccias contain very lit-

tle finer grained lithologies suitable for palynological

analysis. However, samples were collected from a lens

of sandy siltstones. They are dominated by AOM

infested with pyrite with occasional inertinite fragments

(Fig. 6A). Spores and phytodebris are present in

some samples. The spores are highly degraded and

washed out (‘ghosts’), infested with pyrite and unidenti-

fiable (Fig. 5J). Facies 3 was collected at the Allt

Goibre and River Orrin river sections. The palynofacies

is identical to that described above for Facies 1–2

(Fig. 6B).

F IG . 5 . Palynodebris from the Strathpeffer sequence. A, scorpion pectinal tooth with peg sensilla; slide CSP1/3; England Finder (EF)

G49/2. B, banded tube; slide BAS3/2; EF O35. C, laevigate tube; slide CSP2/3; EF W40/4. D, banded tube; slide CSP2/2; EF M39/2.

E, banded tube; slide CSP2/4; EF K35. F, fragment of Prototaxites sp.; slide BAS3/2; EF U47/3. G, bundle of filaments; slide 12SCOT07K;

EF K45/1. H, fungal hypha; slide CSP1/4; EF J31/3. I, filament spirally arranged; sample CSP1(k); EF L42/1. J, spore preserved as a

‘ghost’ that is highly degraded and covered in pyrite crystals; slide AAG4/1; EF R30/2. K, filament associated with clump of amorphous

organic matter (AOM); slide 12SCOT07(k); EF M28. L, sphaeromorph with surface spot; slide: CSP1/3; EF L39/2. M, sphaeromorph

with surface spot; slide CSP2/3; EF K44. N, branching filament associated with a clump of AOM; slide CSP1(k); EF L42. O, clump of

AOM infested with pyrite; slide 12SCOT07(k); EF U36. P, clump of AOM run through by parallel-arranged filaments; slide CSP1(k); EF

P39/4. Scale bar represents: 150 lm (A); 120 lm (B–F, K); 60 lm (G, L, M); 30 lm (H–K, N, P); 20 lm (O).

F IG . 6 . Palynofacies and palynodebris from the Strathpeffer sequence. All images taken using a blue filter. See text for a description

of the palynofacies. Phytodebris labels are placed directly below the relevant fragment: AOM + P, amorphous organic matter infested

with pyrite; AOM-P, amorphous organic matter without pyrite; I, inertinite, P, phytodebris; S, spore; S + P, spore infested with pyrite.

A, sample AAG5(k) from Facies 1–2 of the Tor Achilty Fm. at Aigas Dam. B, sample 14SCO07(k) from Facies 3 of the Tor Achilty

Fm. at Allt Goibhre. C, sample CSP2(k) from Facies 5 of the Strathpeffer/Moy fms at Wyvisdale. D, sample JP1(k) from Facies 6 of

the Strathpeffer Fm. at Strathpeffer village. E, sample ASP4(k) from Facies 6 of the Strathpeffer Fm. near Strathpeffer Golf Course.

F, sample 12SCO07(k) from Facies 6 of the Strathpeffer Fm. at Strath Sgitheach. Scale bar represents 220 lm.
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Moy Fm. Facies 4–5

Facies 4–5 are usually too coarse (sandstones) or too oxi-

dized (red mudstones–siltstones) to yield palynomorphs.

However, rarely, unoxidized mudstones–siltstones of

Facies 5 are encountered. Some of these samples are domi-

nated by well-preserved spores and phytodebris (Fig. 6C).

Others also contain additional AOM with pyrite content

varying from low to high (Fig. 5O). The phytodebris

includes a variety of tubular structures, cuticle-like sheets

and arthropod cuticle (Fig. 5A). The tubular structures

include laevigate tubes (Fig. 5C), banded tubes (Fig. 5B,

D, E) and fungal hyphae (Fig. 5H). The tubular structures

often occur in monospecific wefts (Fig. 5G) or a mixed

association that probably represent Prototaxites (Fig. 5F).

In the main these tubular structures probably represent

nematophytes and fungi.

Strathpeffer Fm. Facies 6a & 6b

The bituminous dolomitic series (both Facies 6a interla-

minated and 6b interbedded) was collected from a num-

ber of localities. A sample of black mudstone (Facies 6a)

from behind the pump house (sample JP1) contained a

huge quantity of AOM infested with pyrite and nothing

else (Fig. 6D). Parnell (1985b) recorded total organic con-

tent levels of up to 2.48%. The samples of interlaminated

and interbedded dolomite from the River Orrin, adjacent

to the golf course and Strath Sgitheach (Fig. 6E–F) are

dominated by AOM infested with pyrite (Fig. 5O) but

often also contain inertinite and rare spores that are

highly degraded and washed out (‘ghosts’), infested with

pyrite and unidentifiable (Fig. 5J). Fragments of microbial

mat are represented by AOM associated with filaments

that probably represent cyanobacteria (Fig. 5I, K, P).

Often these cyanobacterial filaments are parallel-aligned

(Fig. 5P). In one case the filament appears to be coiled

(Fig. 5I). Branching tubular structures associated by AOM

are wider and are considered to be fungal hyphae

(Fig. 5N).

Struie Beds

Samples from further north from the Struie Beds are vari-

able and are usually either dominated by pyrite-infested

AOM or inertinite and lacking spores and phytodebris.

However, two samples, from the Alness River and Allt

Muigh-Bhlaraidh, contained inertinite and well preserved

spores and phytodebris (Appendix A).

RESULTS: DISPERSED SPORE
ASSEMBLAGES

Workable spore assemblages were recovered from only

four of the 61 samples collected. Two of these assem-

blages are from the Moy Fm. (Facies 5) at Wyvisdale and

two are from further north, at the Alness River and Allt

Muigh-Bhlaraidh (Appendix A). They all essentially con-

tain the same spore assemblage. Table 4 lists the taxa

reported and these are shown in Figures 7 and 8. Many

of the other palynological samples contain spores but they

are usually too degraded to identify confidently.

The Strathpeffer spore assemblage can be equated

with the douglastownense–eurypterota Spore Assemblage

Biozone (DE SAB) of Richardson & McGregor (1986),

indicating a late Emsian to earliest Eifelian age. Both of

the nominal species are present (Grandispora douglastow-

nensis and Ancyrospora eurypterota), and eight out of

the 14 characteristic species (Table 4). These include

spores with grapnel-tipped processes (Ancyrospora and

Hystricosporites), a diversity of large, apiculate and spi-

nose, zonate-pseudosaccate spores and the persistence of

species such as Dibolisporites echinaceus and Verruciretu-

sispora dubia. A number of long-ranging spores charac-

teristic of the preceding annulatus–sextantii SAB, such as

F IG . 7 . Dispersed spores from the Moy Fm. A, Latosporites sp. (simple, laevigate monolete spore); slide CSP1.2; England Finder (EF)

M36. B, Tetrahedraletes medinensis (cryptospore permanent tetrad); slide CSP1.3; EF O41. C, Retusotriletes rotundus; slide CSP1.3; EF

L34/1/2. D, Retusotriletes triangulatus; slide CSP2.2; EF P40/1/3. E, Apiculiretusispora brandtii; slide: CSP2.3; EF L43.

F, Apiculiretusispora plicata; slide: CSP2.4; EF P45/2. G, Apiculiretusispora gaspiensis; slide CSP1.2; EF S32. H, Dibolisporites echinaceus

(Eisenack) Richardson 1965; slide CSP2.2; EF N29/2/4. I, Dibolisporites eifeliensis; slide CSP2.4; EF C43. J, Dibolisporites eifeliensis; slide

CSP1.2; EF W36. K, Ambitisporites sp.; slide CSP1.4; EF D30. L, Archaeozonotriletes chulus (Cramer) Richardson & Lister 1969; slide

CSP1.3; EF V31/4. M, cf. Amicosporites sp. A; FSP1.2; EF E41/2. N, Aneurospora sp. A; slide CSP1.3; EF J34/1. O, Aneurospora sp. A;

slide CSP1.4; EF G41/1. P, Brochotriletes foveolatus; slide CSP2.3; EF N47/3. Q, Verrucosisporites cf. Polygonalis; slide CSP2.2; EF J37.2.

R, Verruciretusispora dubia; slide CSP2.3; EF M46/2. S, Chelinospora sp. A; slide CSP1.2; EF D33.1. T, Chelinospora sp. A; slide CSP1.2;

EF Z39/1. U–V, Chelinospora sp. A (different focal planes of the same specimen); slide CSP2.2; EF R42.1. W, Verrucosisporites sp.; slide

CSP1.3; EF Y42. X, Cymbosporites sp. A; slide CSP1.2; EF S43/1. Y, Cymbosporites sp. A; slide CSP1.3; EF X47. Z, cf. Amicosporites sp.

B; slide CSP1.2; EF H30. AA, cf. Amicosporites sp. B; slide CSP1.3; EF S51/3. AB, cf. Amicosporites sp. B; slide CSP2.3; EF R50/4. Scale

bar represents 20 lm.
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Emphanisporites annulatus, persist into the Strathpeffer

spore assemblage.

In terms of the spore zonation scheme of Streel

et al. (1987) the Strathpeffer assemblage can be placed

with the Pro Interval Zone of the AP Oppel Zone, again

indicating a latest Emsian to earliest Eifelian age. Designa-

tion to this zone is based on the presence of Calyptospor-

ites proteus, Acinosporites apiculatus and the first

appearance of spores with grapnel-tipped processes. Once

again, certain spores characteristic of preceding zones are

present, such as Emphanisporites foveolatus and Rhabdos-

porites minutus.

A latest Emsian age seems probable based on the

absence of spores characteristic of the Eifelian. For exam-

ple, Ancyrospora nettersheimensis and Calyptospora velatus

that feature in the zonal scheme of Streel et al. (1987) are

not present. Riegel (1982) provided a range chart of stra-

tigraphically significant spores that he identified at the

Emsian–Eifelian boundary in the type Eifel region, and

none of the spores that made their inception in the Eife-

lian are reported from the Strathpeffer assemblage.

DISCUSSION

The interpretation reported herein suggests that the

Strathpeffer–Struie spore assemblages are of a slightly

younger age than proposed by Richardson (1967) and

Richardson & Rasul (1978), and belong with the D–E

Spore Assemblage Biozone. These are the first D–E spore

assemblages reported from Scotland (summarized in

Table 3). It is becoming clear that the Basement Group of

the Orcadian Basin, that unconformably overlies the

Moine, is of slightly different ages in different places

(Table 3). This has implications regarding a staggered

onset of ORS facies sedimentation in northeast Scotland

and hence implications for tectonic models for the region

(e.g. Law et al. 2025).

In terms of palaeoenvironment, the palynofacies analy-

sis supports interpretation as a shallow, highly saline,

sulphate lake and associated playa mudflat in a restricted

intermontane basin. Potential modern analogues include

high-altitude lakes in the Andes and Tibetan Plateau

(Risacher & Fritz 2009; Zheng & Liu 2009). It is difficult

to determine the altitude of the Scottish Caledonian

Mountains towards the end of the Emsian, although Bar-

ker et al. (2000) suggested, based on analysis of meteoric

fluid veining, that the north Norwegian Caledonides had

a topography in excess of 5 km in the Lower Devonian.

It is clear that microbial mats and stromatolites thrived in

the Strathpeffer–Struie lake and on the associated playa,

presumably in the absence of grazing organisms (be they

invertebrates or fish). Note that the solitary fish fossil

recovered from the sequence is from Facies 3 (stream-

flood and overbank sheetflood deposits) and was prob-

ably a fluvial form washed in during a flood. The

microbial mats are preserved as kerogenous laminae in

certain facies (Table 2) and are recovered as AOM in the

palynological assemblages (Fig. 5P). The latter often con-

tain filaments interpreted as cyanobacterial remains and

fungal hyphae (Fig. 5). The presence of planktonic algae

in the lake is indicated by the recovery of algal cysts

(Fig. 5L–M). Interestingly biomarker studies by Akin-

sanpe et al. (2024) suggested that a significant proportion

of the lake primary productivity was in the form of halo-

philic archaea. The harsh aquatic and terrestrial environ-

ments were not entirely devoid of animal life, as

evidenced by the presence of arthropod cuticles, including

those from terrestrial scorpions, and clam shrimps

(reported as Estheria sp.). Extant clam shrimps commonly

inhabit modern playas in addition to fresh water habitats.

The presence of abundant pyrite, in rock specimens

collected in the field and in palynological preparations, is

noteworthy (Fig. 5J, O). This could indicate a perennial

lake that was deep and stratified with anoxic bottom

waters that precipitated pyrite. However, the presence of

microbial mats indicates a lake depth shallower than the

photic zone, and the limited lateral extent of the basin

also suggests a lake of small dimensions. Alternatively, the

pyrite may have formed at the sediment–water interface

F IG . 8 . Dispersed spores and other palynomorphs from the Moy Fm. A, Emphanisporites rotatus; slide CSP1.2; England Finder (EF)

G38. B, Emphanisporites annulatus; slide CSP2.2; EF P41. C, Emphanisporites erraticus; slide CSP1.3; EF H46. D, Emphanisporites foveo-

latus; slide CSP2.2; EF V28/3. E, Emphanisporites foveolatus; slide CSP1.2; E N29/2. F, Emphanisporites mcgregorii; slide BAS3.2; EF

R30/2. G, Acinosporites lindlarensis; slide CSP2.4; EF J45/2. H, Acinosporites lindlarensis; slide CSP2.4; EF H37. I, Acinosporites apicula-

tus; slide CSP1.4; EF U41/2. J, laevigate zonate spore; slide: CSP2.3; EF J46/2. K, Calyptosporites proteus; slide CSP2.2; EF R39.

L, Grandispora douglastownensis; slide CSP1.4; EF O49. M–N, Samarisporites inusitatus (different focal planes of the same specimen);

slide CSP2.3; EF N39/1. O, Rhabdosporites minutus; slide CSP2.3; EF O49/1. P, sphaeromorph with spot; slide CSP2.3; EF K44.

Q, sphaeromorph with spot; slide CSP1.3; EF L39/2. R, Ancyrospora eurypterota (composite of three images of the same specimen);

slide CSP2.3; EF J37. S, Hystricosporites microancyreus (close up of ornament on a broken specimen); slide CSP2.4; EF J31/3.

T, Hystricosporites microancyreus; slide CSP2.4; EF M32. U–V, Ancyropora eurypterota (specimen in lateral compression with proximal

surface missing; U is a close up of the ornament); slide CSP2.3; EF N48. Scale bar represents 20 lm except in S (22 lm) and U

(10 lm).
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in a shallow perennial–ephemeral lake. Saline

sulphate-rich water at the lake–sediment interface (free

water above the interface and/or interstitial water just

below) can interact with sulphate-reducing bacteria.

Consequently reduced sulphate and ferric oxides can react

to form pyrite, H2S and CH4 (Hardie et al. 1978). Such

an interpretation is supported by the presence of gypsum

pseudomorphs associated with pyrite as discussed by

Parnell (1985a) and Clarke & Parnell (1999).

Beyond the saline lake and associated playa mudflat, it

is evident based on the presence of dispersed spores, that

the basin harboured a significant vegetation. Dispersed

spore assemblages from coeval deposits from elsewhere

on the ORS continent have been described from north-

eastern USA and eastern Canada (McGregor 1973, 1977;

Andrews et al. 1977; Wellman 2018), the Ardenne–

Rhenish region (Riegel 1973, 1982; Streel et al. 1981) and

Poland (Turnau 1974, 1986; Filipiak 2011; Filipiak

et al. 2022). The Strathpeffer spore assemblage is depau-

perate compared with these, with fewer taxa and certain

key elements missing (e.g. spores with grapnel-tipped

spines such as Ancyrospora eurypterota Riegel 1973, Ancyr-

ospora kedoae (Riegel) Turnau 1974, Ancyrospora loganii

McGregor 1973 and Hystricosporites cf. H. corystus

Richardson 1962 sensu Riegel 1973). There are also spores

that have not previous been described (e.g. the two spe-

cies of Amicosporites) or are rare elsewhere (e.g. Empha-

nisporites foveolatus that is unusually abundant in the

assemblages described herein). These differences probably

reflect the fact that the Strathpeffer assemblage is from an

inland, upland intermontane basin, with a depauperate

and partially endemic flora, whereas the other assem-

blages are from lowland basins relatively close to the

Laurussian shoreline, which presumably harboured a

more diverse vegetation.

The presence of tubular structures interpreted as nema-

tophyte in origin is interesting. Banded tubes are rarely

reported from post-Pragian strata (Wellman & Ball 2021).

However, the nematophyte Prototaxites is known to have

extended into the Late Devonian (Honegger et al. 2017),

and fragments of this enigmatic organism are found in

the Strathpeffer dispersed spore assemblages. Here they

co-occur with other fragments of cuticle and conducting

tissues that clearly derive from embryophytic land plants.

CONCLUSIONS

1. Dispersed spore assemblages indicate that the deposits

of the Dingwall–Strathpeffer Basin are of late Emsian

age (c. 394 Ma).

2. Palynofacies analysis supports deposition in a

back-tilted basin associated with a highly saline sul-

phate lake and associated playa mudflat.

3. Dispersed spore assemblages indicate that the sur-

rounding upland vegetation was restricted and to a

certain extent endemic.

TABLE 4 . Reported spore taxa with a key to illustrations

herein.

Taxon Illustration

Tetrahedraletes medinensis Strother &

Traverse emend Wellman &

Richardson 1993

Figure 7B

Latosporites sp. Figure 7A

Retusotriletes triangulatus (Streel)

Streel 1967

Figure 7D

Retusotriletes rotundus (Streel) Streel 1967 Figure 7C

Retusotriletes spp.

Apiculiretusispora brandtii Streel 1964 Figure 7E

Apiculiretusispora gaspiensis McGregor 1973 Figure 7G

Apiculiretusispora plicata (Allen)

Streel 1967

Figure 7F

Dibolisporites echinaceus (Eisenack)

Richardson 1965

Figure 7H

Dibolisporites eifeliensis (Lanninger)

McGregor 1973

Figure 7I, J

Ambitisporites spp. Figure 7K

Aneurospora sp. A Figure 7N, O

Brochotriletes foveolatus Naumova 1953 Figure 7P

Emphanisporites annulatus McGregor 1961 Figure 8B

Emphanisporites erraticus (Eisenack)

McGregor 1961

Figure 8C

Emphanisporites foveolatus Schultz 1968 Figure 8D, E

Emphanisporites mcgregorii Cramer 1966 Figure 8F

Emphanisporites rotatus McGregor 1961 Figure 8A

Verruciretusispora dubia (Eisenack)

Richardson & Rasul 1978

Figure 7R

Verrucosisporites polygonalis Lanninger 1968 Figure 7Q

Verrucosisporites sp. Figure 7W

cf. Amicosporites sp. A Figure 7M

cf. Amicosporites sp. B Figure 7Z–AB

Archaeozonotriletes chulus (Cramer)

Richardson & Lister 1969

Figure 7L

Chelinospora sp. A Figure 7S–V

Cymbosporites sp. A Figure 7X, Y

Acinosporites apiculatus (Streel) Streel 1967 Figure 8I

Acinosporites lindlarensis Riegel 1968 Figure 8G, H

Ancyrospora eurypterota Riegel 1973 Figure 8R, U, V

Calyptosporites proteus (Naumova)

Allen 1965

Figure 8K

Grandispora douglastownensis

McGregor 1973

Figure 8L

Zonate laevigate spore Figure 8J

Hystricosporites microancyreus Riegel 1973 Figure 8S, T

Rhabdosporites minutus Tiwari &

Schaarschmidt 1975

Figure 8O

Samarisporites inusitatus Allen 1965 Figure 8M, N
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APPENDIX A

Details of exposures, sampling and palynological results

from Strathpeffer–Alness–Struie (S to N) (Figs 1–3). Sam-

ples marked with an asterisk and in bold were palynologi-

cally logged.

A833 roadcuts

Only conglomerates-breccias are exposed in this vici-

nity belonging to Facies 1–2: breccia-conglomerate (Torr

Achilty Fm.). No samples suitable for palynological

analysis.

A831-River Beauly roadcuts

There are predominantly conglomerates-breccias

exposed in this vicinity belonging to Facies 1–2:

breccia-conglomerate (Torr Achilty Fm.). No samples sui-

table for palynological analysis.

Aigas Dam, River Beauly NH2474/8436 (east bank of

River Beauly just north of the bridge/power station)

Samples were collected from a sandy siltstone layer in

the conglomerates-breccias belonging to Facies 1–2:

breccia-conglomerate (Tor Achilty Fm.) that overlie the

highly irregular Moine Schist/LORS unconformity

(Mykura 1978).

AAG1 (98CW061) [Dominated by AOM infested with

pyrite. Spores and phytodebris common but highly

degraded, pyrite infested and unidentifiable.]

AAG2 (98CW0G) [Dominated by AOM infested with

pyrite and inertinite. No palynomorphs present.]

AAG3 (98CW048) [Dominated by AOM infested with

pyrite. Rare spores present but highly degraded, pyrite

infested and unidentifiable.]

AAG4 (98CW016) [Dominated by spores and phyto-

debris with a moderate amount of AOM infested with

pyrite. Spores and phytodebris highly degraded, pyrite

infested and unidentifiable.]

AAG5 (98CW062) [Dominated by AOM infested with

pyrite with rare inertinite. Spores and phytodebris com-

mon but highly degraded, pyrite infested and

unidentifiable.]

Allt Goibhre NH2480/8508 (exposure in river south

of bridge and in the road cutting immediately west of

bridge)

The river yields a continuous section with a coarse

basal conglomerate (Torr Achilty Fm. Facies 1–2) overlain

by dark grey shales and fine sandstones (Torr Achilty Fm.

Facies 3). The latter have yielded the clam shrimp

‘Estheria sp.’ and in the road cutting above the bridge a

solitary fish fragment (Mykura 1978). All of the samples

collected were from Facies 3.

BSP6 (99CW061) Barren

BSP7 (00CW016) Barren

BSP8 (00CW017) Barren

14SCO05 (14CW006) [Dominated by AOM infested

with pyrite. Rare spores and phytodebris present but

highly degraded, pyrite infested and unidentifiable.]

14SCO06 (14CW007) [Dominated by AOM infested

with pyrite. Rare spores and phytodebris present but

highly degraded, pyrite infested and unidentifiable.]

14SCO07 (14CW008) [Dominated by AOM infested

with pyrite. Rare spores and phytodebris present but

highly degraded, pyrite infested and unidentifiable.]

River Orrin NH2476/8516 (exposure in River Orrin

at Falls of Orrin)

The river yields a near continuous section with a coarse

basal conglomerate-breccia (Torr Achilty Fm. Facies 1–2)

overlain by dark grey fine sandstones (Torr Achilty Fm.

Facies 3) overlain by the bituminous dolomitic series

(Strathpeffer Fm. Facies 6) (Clarke & Parnell 1999). Both

samples are from Facies 6.

BSP9 (99CW74) Barren

14SCO08 (14CW009) [Dominated by AOM infested

with pyrite. Rare spores and phytodebris present but

highly degraded, pyrite infested and unidentifiable.]

River Conon Power Station in Torr Achilty area

NH2447/8546

There are only conglomerates, breccias and sandstones

exposed in this vicinity belonging to Facies 1–2:
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breccia-conglomerate and Facies 3: sandstone of the Torr

Achilty Fm. (Clarke & Parnell 1999). No samples

collected.

A835 roadcuts between Marybank turnoff and Bra-

han Quarries

The exposed rock consists entirely of red sandstones

belonging to Facies 4–5: mudstone, sandstone and silt-

stone of the Moy Fm. (Clarke & Parnell 1999). No sam-

ples collected.

Ditch in N–S road to the west of the Railway Station

NH2488/8580

Small exposure of Facies 6: bituminous dolomitic series

(Strathpeffer Fm.).

BSP2 (99CW050) Barren

BSP3a (99CW060) Barren

BSP3b (00CW014) Barren

BSP4 (00CW015) Barren

BSP5 (99CW073) Barren

Wyvisdale NH2492/8587 to NH2493/8584

Excellent exposure of interdigitating sediments belong-

ing to Facies 6b: interbedded bituminous dolomitic series

and Facies 5: red and grey mudstones (Strathpeffer and

Moy fms) (Clarke & Parnell 1999). All samples are from

the mudstones of Facies 5.

*CSP1 (00CW061) [Dominated by abundant and well

preserved spores and phytodebris.]

*CSP2 (00CW052) [Dominated by AOM with abun-

dant and well preserved spores and phytodebris.]

CSP3 (00CW062) [Dominated by AOM with some

pyrite with moderately abundant poorly preserved uni-

dentifiable spores and phytodebris.]

CSP4 (00CW063) [Dominated by AOM infested with

pyrite with rare poorly preserved unidentifiable spores

and phytodebris.]

CSP5 (00CW064) Barren.

CSP6 (00CW053) [Entirely inertinite]

CSP7 (00CW065) Barren.

14SCO09 (14CW010) – 14SCO15 (14CW016) Barren.

Fodderty Quarry NH2517/8588

Overgrown with poorly exposed red sandstones and

siltstones belonging to Facies 4–5: mudstone, sandstone

and siltstone (Moy Fm.) (Clarke & Parnell 1999). No

samples collected.

Strathpeffer Village behind pump house and adjacent

areas NH2483/8581

Reported exposures in the ‘Spa Beds’ (PADS 1978) that

are no longer accessible, although two float samples were

collected. The ‘Spa Beds’ were incorporated into Facies 6:

bituminous dolomitic series (Strathpeffer Fm.) by Clarke

& Parnell (1999). A previously collected sample was sup-

plied by John Parnell.

14SCO16 (14CW017) Barren

14SCO17 (14CW018) Barren

JP1 (14CW005) [Dominated by pyrite-infested AOM.]

Strathpeffer Golf Course and adjacent areas

NH2479/8585 (PADS 1978 locality 22)

Numerous exposures (including small quarries) in the

Ord Beds that are now included in Facies 6: bituminous

dolomitic series (Strathpeffer Fm.)

ASP1 (98CW017) [Dominated by pyrite-infested

AOM.]

ASP2 (98CW049) [Dominated by pyrite-infested

AOM.]

ASP3 (98CWF) [Dominated by pyrite-infested AOM.]

ASP4 (98CW068) [Dominated by pyrite-infested AOM

with rare spores and phytodebris that are poorly pre-

served, pyrite infested and unidentifiable.]

ASP5 (98CW069) [Dominated by abundant AOM with

rare poorly preserved unidentifiable palynomorphs.]

BSP1 (00CW013) Barren

14SCO18 (14CW019) [Dominated by pyrite-infested

AOM.]

14SCO19 (14CW020) [Dominated by pyrite-infested

AOM.]

14SCO20 (14CW021) [Dominated by pyrite-infested

AOM.]

Strath Sgitheach

Section through Facies 1–2: breccia-conglomerate and

Facies 3: sandstone (Torr Achilty Fm.) and Facies 6:

bituminous dolomitic series (Strathpeffer Fm.) (Clarke &

Parnell 1999). All of the collected samples are from

Facies 6.

CSP8 (00CW050) [Dominated by pyrite-infested AOM

with subsidiary inertinite and abundant spores and phyto-

debris that are highly degraded, pyrite infested and

unidentifiable.]

12SCO04 (12CW031) [Dominated by pyrite-infested

AOM with rare inertinite and rare spores and phytodebris

that are highly degraded, pyrite infested and

unidentifiable.]

12SCO05 (12CW032) [Dominated by pyrite infested

AOM with rare inertinite and rare spores and phytodebris

that are highly degraded, pyrite infested and

unidentifiable.]

12SCO06 (12CW033) [Dominated by AOM but with

rare spores and phytodebris that are poorly preserved and

unidentifiable.]

*12SCO07 (12CW034) [Dominated by pyrite-infested

AOM and abundant inertinite with abundant spores and

phytodebris that are moderately well preserved.]

12SCO08 (12CW035) [Dominated by inertinite with

rare spores and phytodebris that are poorly preserved and

unidentifiable.]

12SCO09 (12CW036) [Dominated by AOM with rare

poorly preserved spores and phytodebris that are

unidentifiable.]
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Allt nan Caafack-Glen Glass road between

NH2542/8695

The exposures in Glen Glass and adjacent roads were

examined. These strata are mapped by the BGS as Ous-

dale Arkose Fm. and Braemore Mudstone Fm.

14SCO21 (14CW022) [Dominated by pyrite-infested

AOM.]

14SCO22 (14CW023) [Dominated by dense, dark

AOM.]

Alness River and adjacent Boath road and Ardross

road

Exposures in the Alness River and adjacent Boath and

Ardross roads were examined. These strata are mapped

by the BGS as Ousdale Arkose Fm. and Braemore Mud-

stone Fm.

*CSP9 (00CW055) [Sparse inertinite and well pre-

served spores and phytodebris.]

CSP10 (00CW066) Barren.

Upper reaches of Strath Rory

Exposures in the upper reaches of Strath Rorry were

examined. These strata are mapped by the BGS as Ous-

dale Arkose Fm. and Braemore Mudstone Fm. No litholo-

gies suitable for sampling were discovered.

Allt Muigh-Bhlaraidh NH661/823

Described by Mykura (1978). Mapped by the BGS as

the Braemore Mudstone Fm.

BAS1 (10CW082) Barren

BAS2 (10CW083) [Dominated by pyrite-infested AOM

and inertinite.]

*BAS3 (10CW084) [Dominated by inertinite and well

preserved spores and phytodebris.]

12SCO10 (12CW037) [Dominated by inertinite.]

12SCO11 (12CW038) [Dominated by AOM and inerti-

nite with very rare poorly preserved spores and

phytodebris.]

12SCO12 (12CW039) [Dominated by inertinite.]

12SCO13 (12CW040) [Dominated by inertinite.]
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