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 9 

We examine pollen, macrofossils and sedimentological proxies from the Ridge Site, an 18-m 10 

sequence of glacial and non-glacial sediments exposed along the bank of the Ridge River in the 11 

southern Hudson Bay Lowlands (HBL), Canada. Since the HBL is located in the previously-12 

glaciated region of North America, palaeorecords from this region have important implications 13 

for understanding ice sheet palaeogeography and climate for the late Pleistocene. Two diamicton 14 

units were interpreted as subglacial till deposited by a glacier actively flowing toward the south-15 

southwest (lower diamicton) and west-southwest (upper diamicton), respectively. Confined 16 

between these tills is a 6-m non-glacial unit, constrained to Marine Isotope Stage 3 (MIS 3; c. 57 17 

000 to c. 29 000 a BP) by 3 radiocarbon dates. Quantitative analyses of the pollen record 18 

(dominated by Sphagnum, Cyperaceae, Pinus, Picea, Salix, Alnus and Betula) suggest that 19 

average summer temperature (June, July, August) was 14.6±1.51°C, which is similar to present-20 

day at the site. Total annual precipitation was 527±170 mm as compared to 705 mm present-day. 21 

The macrofossil record confirmed the local presence of Betula, Salix and conifers. Our results, in 22 

combination with other records from the periphery of the Laurentide Ice Sheet, suggest that vast 23 
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boreal forest-type vegetation, along with a drier interstadial climate, existed in the region during 24 

MIS 3. We also compare pollen-derived palaeoclimate reconstructions from the Ridge Site with 25 

reconstructions from a previously published site along the Nottaway River, HBL, which was 26 

dated to MIS 5 a-d (c. 109 000 to c. 82 000 a BP). This comparison suggests that, with additional 27 

data, it may be possible to differentiate MIS 3 and MIS 5 deposits in the HBL on the basis of 28 

relative continentality, with MIS 3 characterized by lower total annual precipitation, and MIS 5 29 

by values similar or greater than present-day. 30 
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Quantitative palaeoenvironmental analyses of Pleistocene records allow for a better 35 

understanding of the role of carbon (Kleinen et al. 2015), abrupt climate variability (Helmens et 36 

al. 2015) and oceanic circulation (Böhm et al. 2015) in the climate system. Records from 37 

previously-glaciated regions are particularly valuable since, when dated accurately, their age(s) 38 

can be used to infer the absence of regional ice, and therefore ice sheet palaeogeography. For 39 

example, basal radiocarbon dates have been used to reconstruct the maximum extent and 40 

subsequent recession of the Laurentide Ice Sheet over North America (Dyke et al. 2002; Dyke 41 

2004; Peteet et al. 2012). However, considerably less is known about the extent of glaciation 42 

during periods prior to the Last Glacial Maximum (LGM), since available records are often 43 

highly fragmented, poorly preserved and difficult to date. Therefore, when available, these rare 44 

palaeorecords are critically important for constraining numerical ice sheet models (Stokes et al. 45 

2015). 46 

The Missinaibi Formation is a suite of non-glacial sediments which underlie till in the 47 

Hudson Bay Lowlands (HBL), Canada (Fig. 1). Due to the position of the HBL at the centre of 48 

growth of many Pleistocene ice sheets, the age(s) of the Missinaibi Formation is important for 49 

understanding the palaeo-configuration of pre-LGM ice sheets. Chronology data suggests that 50 

some sites belonging to the Missinaibi Formation may date to Marine Isotope Stage 3 (MIS 3; c. 51 

57 000 to c. 29 000 a BP; based on the chronology of Lisiecki & Raymo (2005)), indicating the 52 

possibility of a reduced or significantly different structure for the Laurentide Ice Sheet during the 53 

middle of the Wisconsin Glaciation (Andrews et al. 1983; Berger & Nielsen 1990; Dalton et al. 54 

2016). However, many sub-till sites in the HBL remain undated due to ages approaching or 55 

exceeding the limit of radiocarbon dating, and the scarcity of suitable materials for optically 56 

stimulated luminescence dating and uranium-thorium dating (Dalton et al. 2016). As a result, it 57 
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is not known whether all sub-till sites in the HBL were deposited during MIS 3, or whether the 58 

Missinaibi Formation may represent both interstadial and interglacial periods during the late 59 

Pleistocene (Terasmae & Hughes 1960; Skinner 1973).  60 

Owing to the close relationship between vegetation and climate (Seppä & Birks 2001; 61 

Väliranta et al. 2015), pollen and macrofossils may play a key role in resolving the age(s) of the 62 

Missinaibi Formation. For example, if edaphic and hydrological conditions were suitable, it may 63 

be possible to recognize warmer MIS 5e (peak: c. 123 000 a BP) deposits by the presence of 64 

temperate tree pollen such as Acer, Ulmus and Fraxinus, all of which are found today in more 65 

temperate wetland regions (Bunting et al. 1998). However, none of the sub-till pollen records 66 

from the HBL report significant amounts of any such temperate taxa, and it is therefore unlikely 67 

that MIS 5e deposits are preserved as part of the Missinaibi Formation. Instead, most sub-till 68 

deposits contain boreal and wetland-type pollen dominated by Picea and Pinus, along with small 69 

amounts of Salix, Alnus and Betula. Some of these deposits appear to date to MIS 3 (Wyatt 1989; 70 

Dalton et al. 2016), or MIS 5 a-d (c. 109 000 a BP to c. 82 000 a BP; henceforth referred to as 71 

“off-peak MIS 5”) (Allard et al. 2012), but many are undated (e.g. Terasmae & Hughes 1960; 72 

Netterville 1974; Dredge et al. 1990). It is not known whether vegetation in the HBL is 73 

sufficiently sensitive to distinguish between interstadial (MIS 3) and off-peak interglacial (MIS 5 74 

a-d) sites. 75 

The main objective of this study is to reconstruct past vegetation and palaeoenvironment 76 

using pollen, macrofossils and sedimentological proxies at a purported MIS 3 site in the HBL. 77 

Fossil pollen data will be used to reconstruct a quantitative palaeoclimate signature for MIS 3 78 

(total annual precipitation and average summer temperature). We use the North American Pollen 79 

Database (Whitmore et al. 2005), along with 49 newly compiled sites from the HBL region, as 80 
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the basis for our modern-day calibration set. Results from our palaeoclimate reconstruction are 81 

discussed in context of other MIS 3 sites in the periphery of the Laurentide Ice Sheet, with the 82 

goal of developing an understanding of regional-scale climate during the interstadial period. We 83 

then reconstruct palaeoclimate at a previously published off-peak MIS 5 site (Allard et al. 2012) 84 

to determine whether subtle vegetation and/or climate differences existed between MIS 3 and 85 

off-peak MIS 5. If quantitative statistical methods are able to discern subtle changes in 86 

vegetation assemblages and inferred palaeoclimate between MIS 3 and off-peak MIS 5 deposits, 87 

then it may be possible to use pollen records to assign ages to many of the undated sub-till sites 88 

in the HBL (e.g. Terasmae & Hughes 1960; Netterville 1974; Dredge et al. 1990). 89 

Study site 90 

The present-day HBL is a remote region which covers an area of >325 000 km2 south and west 91 

of the Hudson and James Bays (Fig. 1). Bound to the south by the Canadian shield, this coastal 92 

plain is largely Paleozoic and Mesozoic limestone overlain by Pleistocene glacial deposits and 93 

extensive Holocene-aged peatlands (Riley 2003). Present-day isostatic rebound, paired with thick 94 

deposits of unconsolidated alluvial and glacial material, causes rivers in the HBL to meander 95 

northward at a very gradual gradient (Riley 2003). The HBL is situated in the boreal forest zone, 96 

with tundra only occurring in the extreme northwest region and some coastal areas (MacDonald 97 

& Gajewski 1992). The landscape is composed of ombrotrophic bogs (36%), minerotrophic fens 98 

(24%), permafrost wetlands (22%), swamps (13%) and marshland (5%), occurring in wooded or 99 

non-wooded environments (Riley 2003).  100 

The study site (referred to in the field as “11-PJB-020”, but referred to here as the “Ridge 101 

Site”) is an 18-m sequence of Quaternary-aged sediments of both glacial and non-glacial origin, 102 
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and is located along the Ridge River, a tributary of the Albany River, at 50.48° N, -83.88° W 103 

(Fig. 1). This site was first examined by Riley & Boissonneau (n.d.) who identified the presence 104 

of organic-bearing muds below till, but no subsequent studies were conducted. Elevation is 105 

approximately 115 metres above sea level (m.a.s.l) at the river level and 133 m.a.s.l. at the top of 106 

the section. Present-day total annual precipitation is estimated to be 705 mm and average 107 

summer temperature (June, July, August) is 15.5 °C based on interpolated climate data between 108 

the closest weather stations (Natural Resources Canada 2015).  109 

Methods 110 

Stratigraphic descriptions and diamicton analyses 111 

The Ridge Site was visited by helicopter in June 2011 and again in July 2013. Three distinct 112 

units are noted: a lower diamicton, a non-glacial unit, and an upper diamicton (Fig. 2). 113 

Stratigraphic boundaries were determined by visual inspection of the section after overlying 114 

slump material was removed. Particle size for the diamicton was determined using a combination 115 

of sieves for the coarse fraction, and a Microtrac Particle Size Analyzer for the finer (silt/clay) 116 

fraction of the matrix. Carbonate content and the calcite-to-dolomite ratio for the silt and clay 117 

fraction (<0.063 mm) of the diamictons was measured on 0.85 g samples using a Chittick 118 

apparatus (Dreimanis 1962).  119 

Multi-proxy analyses on the non-glacial unit 120 

Three organic-bearing samples were collected from the non-glacial unit of the Ridge Site and 121 

submitted for radiocarbon dating (Fig. 2; Table 1). Organic matter was separated from the clay-122 

rich sediment matrix by ultrasound with the addition of distilled water and sieving with a 90-μm 123 

mesh, followed by a standard acid-alkali-acid radiocarbon treatment (Hatté & Jull 2007). No 124 
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rootlet structures were observed in the radiocarbon samples. One sample from the non-glacial 125 

unit was submitted for OSL dating (indicated on Fig. 2), however only 4 of 40 total aliquots had 126 

a ‘fast component’ exceeding >15 (Durcan & Duller 2011), as a result the ages were non-127 

interpretable (data not shown). We did not pursue OSL dating at this site any further. 128 

A set of 35 pollen samples was collected at 5- or 10-cm intervals from the non-glacial 129 

unit. The lower 20 samples were collected from the faintly bedded clay and silts, and the upper 130 

15 samples were collected from the sandy and silty infill sediment facies (Fig. 2). Sub-samples 131 

of 1 cm3 were processed for palynology using standard methods including acid digestion and 132 

sieving (Faegri & Iversen 1975). Pollen was identified using the pollen reference collection at 133 

the Paleoecology Laboratory at the University of Toronto and at the Royal Ontario Museum 134 

(Toronto, Canada), in addition to Kapp et al. (2000) and McAndrews et al. (1973). Pollen 135 

concentrations were estimated by the addition of a known number of exotic Lycopodium spores 136 

(Stockmarr 1971). An average of 156 arboreal, shrub and herb pollen grains were counted at 137 

each fossil interval. Only intervals where pollen concentration exceeded 5000 grains per cm3 138 

were considered for this study.   139 

Sedimentological and macrofossil samples were taken along the lower 150 cm of the 140 

non-glacial unit during field sampling in 2013. Macrofossils were used to reconstruct local plant 141 

communities, as well as provide an independent qualitative proxy for temperature, since 142 

quantitative methods derived from pollen assemblages are subject to a variety of biases and 143 

errors (Birks & Birks 2000; Salonen et al. 2013a,b). In total, 14 samples in 10-cm intervals were 144 

analysed for plant macrofossils. Macrofossil samples of 15 cm3 were cleaned under running 145 

water using a 100-µm mesh sieve. The residuals remaining on the sieve were analysed under a 146 
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stereomicroscope. Some of the samples were soaked in Na4P2O7 x H2O solution overnight to 147 

disaggregate mineral clusters. 148 

Organic, carbonate and minerogenic contents of the non-glacial unit were estimated using 149 

standard loss-on-ignition (LOI) methods (Heiri et al. 2001). Particle size analysis (PSA) was 150 

used to obtain size class distributions for inorganic sediments. Samples were heated in HCl to 151 

remove carbonates, then digested in H2O2 until all organic reaction ceased and finally soaked in 152 

1% Na2CO3 for 2 hours to dissolve any diatoms. Samples were then disaggregated with sodium 153 

hexametaphosphate and particle size was determined by using a Malvern Mastersizer 3000 and 154 

Hydro MV wet dispersion unit. 155 

Statistical analyses of pollen data 156 

Palaeoclimate inferences are derived from the North American Modern Pollen Database 157 

(NAMPD;  Whitmore et al. 2005), which has been shown to reliably estimate temperature and 158 

precipitation using the Modern Analogue Technique (MAT) over many vegetation biomes in 159 

North America (e.g. Fréchette & de Vernal 2013; O'Reilly et al. 2014; Gajewski 2015; Richerol 160 

et al. 2016). However, there are few data points in the NAMPD from the HBL. Thus, to ensure 161 

regional representation in the modern calibration set, and to improve the potential similarity of 162 

analogues, we first synthesized all available modern pollen data for the HBL and amalgamated 163 

this dataset with the NAMPD data. Sites not previously included in the NAMPD were obtained 164 

from several sources, including Potzger & Courtemanche (1956), Terasmae & Hughes (1960), 165 

Lichti-Federovich & Ritchie (1968), Terasmae & Anderson (1970), Skinner (1973), Farley-Gill 166 

(1980), Bazely (1981), Kettles et al. (2000), Dredge & Mott (2003), Glaser et al. (2004), Friel et 167 

al. (2014) and O'Reilly et al. (2014). We also contribute modern pollen assemblage data from 5 168 
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new sites, collected in the summer of 2010 and 2011, which were processed and counted using 169 

standard methods (Faegri & Iversen 1975). The locations of modern pollen data from the HBL 170 

region are shown in Fig. 1 and all newly compiled data are provided in Table S1. 171 

Taxonomic harmonization was performed over the entire modern pollen dataset to enable 172 

statistical intercomparison of sites. This process involved grouping, for example, Ambrosia, 173 

Artemisia, Tubuliflorae, and Liguliflorae into “Asteraceae”. Similarly, Picea glauca and P. 174 

mariana were merged, since they were often not distinguished in the modern dataset. Family, 175 

genus and species names were then updated to reflect modern-day naming conventions as 176 

dictated by the Integrated Taxonomic Information System on-line database (http://www.itis.gov).  177 

The original NAMPD contained 4833 sites, and we added 49 new sites from the HBL, 178 

resulting in a modern dataset of 4882 sites. However, to improve the accuracy of palaeoclimate 179 

estimates, only samples from the NAMPD which reached a sum of >150 grains of arboreal, 180 

shrub and herb pollen types were retained for analysis. Further, only those samples in the 181 

conifer/hardwood, boreal and forest-tundra biomes, as defined by Fedorova et al. (1994) were 182 

included in the modern-day calibration set (1617 modern sites). Our decision to include only 183 

sites from the present-day biome of the HBL (boreal and forest-tundra) as well as the 184 

conifer/hardwood biome was based on examining the general assemblage contained in all sub-till 185 

records from the HBL, which, in addition to boreal-type pollen, contains infrequent hardwood-186 

type taxa (e.g. Acer, Quercus).  187 

Temperature and precipitation data for sites not already included in the NAMPD were 188 

based on a 30-year average (1971 to 2000), and obtained from Natural Resources Canada (2015), 189 

which interpolates climate variables based on the closest weather stations. Four different 190 
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variables were explored for the potential for reconstruction: mean annual temperature, total 191 

annual precipitation, mean summer temperature (June, July, August), and total precipitation for 192 

the summer months. We used a stepwise variance inflation factor test to remove any variables 193 

which exhibited collinearity in the calibration dataset (R package "usdm": Naimi 2015). This 194 

resulted in the removal of mean annual temperature. Next, the λ1/λ2 ratio was calculated (Ter 195 

Braak & Prentice 1988). Only variables with a ratio of >1 were retained for reconstruction 196 

(Juggins et al. 2014). 197 

Prior to reconstructing palaeoclimate at the Ridge Site, fossil pollen counts were 198 

converted to relative abundance using a sum of all arboreal, shrub and herb pollen. Thirty pollen 199 

types were present at >0.5% in any one fossil sample and were included in the paleoclimate 200 

reconstruction. These were composed largely of Picea, Pinus, Betula, Salix, Asteraceae, Alnus, 201 

Poaceae, Ericaceae and Amaranthaceae, all of which had a mean abundance of >1%. The 202 

remaining <1% of pollen grains were Corylus, Tilia, Ranunculaceae, Selaginella, Shepherdia, 203 

Aquifoliaceae, Abies, Carpinus/Ostrya, Cupressaceae, Lycopodium, Juglandaceae, 204 

Polygonaceae, Ulmus, Fraxinus, Larix, Rosaceae, Rubiaceae, Quercus, Acer, Onagraceae, and 205 

Sarcobatus. Wetland elements (Cyperaceae and Sphagnum), were excluded from the 206 

reconstruction on the basis of high and variable local over-production. While we acknowledge 207 

that some of the taxa retained in the analysis are locally present (e.g. Salix), the elimination of 208 

the most variable and abundant local wetland taxa results in fossil pollen assemblages that 209 

largely reflect a more regional signal. This approach has been used successfully in other pollen-210 

based reconstructions and has resulted in palaeoclimate reconstructions well-supported by 211 

independent proxies (e.g. Shuman et al. 2004; Viau & Gajewski 2009). 212 
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A squared chord distance dissimilarity coefficient, implemented using the R package 213 

‘analogue’ (Simpson 2007; Simpson & Oksanen 2014), was used to determine the similarity of 214 

modern and fossil pollen assemblages (Overpeck et al. 1985). Any samples exceeding a 215 

dissimilarity index of 0.15 were taken to be non-analogues. Predicted climate variables were 216 

based on k = 3 closest analogues (Williams & Shuman 2008) and n = 500 bootstrap iterations. 217 

Errors for the quantitative estimates are based on the root mean squared error of prediction 218 

(RMSEP) at k = 3 analogues. Stratigraphic plots and constrained incremental sum-of-squares 219 

(CONISS) zoning by comparison to a broken stick model (Bennett 1996) were implemented 220 

using the R package ‘rioja’ (Juggins 2015). 221 

Results 222 

Stratigraphy of the Ridge Site 223 

The lowermost exposed unit of the Ridge Site, the lower diamicton, consists of 6 m of massive to 224 

blocky very fine sandy silt, containing granules, pebbles, cobbles and boulders (Fig. 2). This 225 

diamicton contains isolated boulders with faceted and striated tops, with striations oriented 226 

between 180° and 220° Az. A boulder line observed one m above the exposed base of this unit 227 

had boulders with striated tops and a similar range of striation orientations. Low angle shear 228 

planes were observed within the diamicton and deformed lenses of sand and gravelly sand 229 

indicate movement toward the south-southwest. Particle size analysis of the matrix indicates that 230 

the lower diamicton consists of 36% sand, 56% silt and 8% clay. The carbonate content of the 231 

silt-clay fraction of the matrix is about 50% with a calcite-to-dolomite ratio of 1.6. At the time of 232 

sampling (June 2011 and August 2013), up to 1.5 m of slumped material covered the lower part 233 

of the exposure above river level. Thus, the full extent of the lower diamicton unit is not known, 234 
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and it may extend below river level. The upper contact of the diamicton is irregular with low 235 

relief.   236 

The middle unit at the Ridge Site, the non-glacial unit, is a 3.0-m sequence of stratified 237 

sediments (Fig. 2). This is the location of the biostratigraphic (pollen, macrofossil) sampling. 238 

The lower 20 to 30 cm is composed of stratified sand and silty sand with rare thin diamicton 239 

lenses, resting on an irregular lower contact (Fig. 3A). These sediments grade upward into 240 

approximately 280 cm of faintly laminated and colour-banded silty clay and clayey silt with 241 

finely disseminated organic matter and thin, discontinuous laminations of silt and rarely, very 242 

fine sand (Fig. 3B). The top of these fine-grained sediments is marked by an angular 243 

unconformity with at least 90 cm of negative relief, filled by sands and silts containing organic 244 

detritus (Fig. 3C,D). The entire Ridge Site can be seen in Fig. 3E. Organic content is 11 to 15% 245 

throughout the lower 150 cm of the non-glacial unit, and carbonates are generally less than 5%, 246 

but increase to 12% at the base of this section at the diamicton contact. 247 

The upper unit at the Ridge Site, the upper diamicton, contains massive to blocky, very 248 

fine sandy silt with minor clay (Fig. 2). Granules, pebbles, cobbles and boulders are also present. 249 

This diamicton is about 6 m in thickness with a sharp lower contact with the underlying 250 

sediments. One large inclusion, up to 1.7 m, consisting of small pebble gravel and very fine sand 251 

and silt was observed within this diamicton layer. Rare, isolated boulders had striated tops with 252 

the orientations of 260° Az. Samples from the matrix of the diamicton average 26.5 % sand, 63 253 

% silt and 9.5 % clay. The average total carbonate content in the silt-clay fraction is 43 % and 254 

the average carbonate ratio is 1.3. Overlying this massive, sandy silt diamicton is a 1.7-m to 3-m 255 

sediment sequence that coarsens upward toward the top of the exposure. The sequence consists 256 
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of interbedded very fine sandy silt and very coarse sandy granule gravel, grading upward into 257 

pea-size pebble gravel with inter-beds of fine-grained sand. 258 

Chronology 259 

Two finite radiocarbon ages suggest that the non-glacial unit at the Ridge Site may date to MIS 3 260 

(40 000±400 cal. a BP and 49 600±950 a 14C), while one age was infinite (>48 800 a BP; Table 261 

1).  262 

Pollen and macrofossils 263 

Overall, palynomorphs were moderately well-preserved at the Ridge Site, with 24 of 35 intervals 264 

containing sufficient concentrations (Fig. 4). Several intervals of poor pollen preservation 265 

correspond to the transition between clay-rich sediments toward more silt/sand rich sediments 266 

immediately above the unconformity, as well as the base and top of the non-glacial unit near the 267 

diamicton contact. Arboreal assemblages were dominated by Picea (mean 46%), and Pinus 268 

(mean 30%), with Salix, Alnus and Betula, all averaging less than 10%. The herbaceous 269 

component consisted of Asteraceae, Ericaceae, Amaranthaceae and Poaceae similarly averaging 270 

less than 10% throughout the non-glacial unit. Pollen of locally-abundant wetland indicators 271 

(Sphagnum and Cyperaceae) ranged from <10% to 110% of the herb, arboreal and shrub pollen 272 

sum. There are two significant zones in the pollen assemblages delineated using CONISS and the 273 

broken stick method: 0 to 230 cm, and 250 to 280 cm. 274 

Macrofossils were present in all sampled intervals of the Ridge Site, however 275 

preservation was at times poor and fragments were small. Woody plant remains, bryophytes and 276 

charcoal were the most commonly preserved macrofossils (Fig. 5). Bryophytes consisted of 277 

intact Scorpidium spp. and Sarmentosum group exannulatum spp., as well as rare/fragmented 278 
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Polytrichum spp., Calliergon spp., Sarmentypnum sarmentosum, Sphagnum spp. and 279 

Tomenthypnum nitens.  Despite no obvious succession in the macrofossil sequence, some plant 280 

remains become more abundant within the 40-cm interval which corresponds to an increase in 281 

the clay fraction of the stratigraphy. In particular, conifer remains were continuously present in 282 

the samples above the 40-cm interval, indicating the persistent local presence of these taxa. 283 

Pollen-derived palaeoclimate reconstruction 284 

The pollen-climate model resulted in a predictive ability which is similar to what is reported in 285 

other studies (e.g. Williams & Shuman 2008; Richerol et al. 2016). The coefficient of 286 

determination (R2) between observed and predicted annual precipitation was 0.79, while mean 287 

summer temperature was 0.83. The RMSEP values were 170 and 1.51, respectively. Further 288 

details on the underlying statistical model are shown in Fig. S1. Each fossil interval at the Ridge 289 

Site had >20 potential analogues, therefore satisfying the criteria for reconstruction using the 290 

modern analogue technique (Overpeck et al. 1985). Of the 72 possible analogues (e.g. k = 3 291 

analogues for each of the 24 fossil intervals), only 32 unique sites were used for palaeoclimate 292 

reconstructions. Four of these sites were from our newly-compiled data used to supplement the 293 

NAMPD. Based on the 3 closest analogues, the total annual precipitation throughout the fossil 294 

interval was 527±170 mm per year, as compared to an estimated 705 mm per year at that site in 295 

present-day (Fig. 4). Estimates for summer temperature averaged 14.6±1.51 °C, which is 0.8 °C 296 

lower than the present-day temperature estimates for the Ridge Site.  297 

Discussion  298 

Lower and upper diamicton 299 
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The lower diamicton is interpreted to be a subglacial till deposited by an actively flowing glacier 300 

moving toward the south-southwest (180° to 220° Az) over Middle Devonian formations 301 

dominated by limestone. This interpretation is supported by the boulder line with consistent 302 

orientation of striae in the lower part of the exposure, and the isolated boulders with striated tops 303 

that are similarly oriented. In addition, the low angle shear planes within the diamicton, and the 304 

direction of movement indicated by them, are consistent with the direction of movement 305 

indicated by the striae on the boulder tops, all of which would indicate the direction of ice flow 306 

that deposited the diamicton. In comparison to other till samples collected in the Ridge River 307 

area (Barnett & Yeung 2012; Nguyen et al. 2012; Nguyen 2014), the lowermost till contains the 308 

highest amount of total carbonates in the silt/clay fraction and the highest calcite-to-dolomite 309 

ratio.  310 

The upper diamicton is also interpreted as till. Its massive nature and inclusion of clasts 311 

with striated tops indicate glacial movement to the west-southwest, which would traverse an 312 

even longer distance over the Middle Devonian limestone rocks. This is consistent with fluting 313 

that occurs on remotely sensed images and digital surface models in the area (Barnett et al. 314 

2009). The large inclusion of gravelly sand may have been eroded from the underlying fluvial 315 

sediments in the non-glacial unit. The lower calcite and higher dolomite content in this till, 316 

however, might suggest that the underlying bedrock formations were covered during this 317 

advance, and that the more-distant dolomitic rocks of Upper Silurian and Lower Devonian 318 

formations sub-cropping in James Bay (Ontario Geological Survey 1991) may have influenced 319 

the final carbonate content of this till. The uppermost unit exposed in the section, the stratified 320 

sands and gravels, is interpreted as beach and near shore deposits likely formed at the regressing 321 

margin of the post-glacial Tyrrell Sea (Lee 1960). 322 
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Non-glacial unit 323 

Age determinations from the non-glacial unit were previously discussed in a compilation of all 324 

available chronology data from the Missinaibi Formation, and contribute evidence towards an 325 

ice-free HBL during MIS 3 (Dalton et al. 2016). At the base of the non-glacial unit, the irregular 326 

20-cm lower contact is interpreted as erosional and likely marks the base of a former river 327 

channel. Here, the infilling sediments are gravelly and likely the result of the erosion of the till 328 

below. The diamicton lenses are interpreted as debris flows from the flanks of the channel, 329 

however, it is possible that they are flow tills and that the lower part of the non-glacial unit was 330 

deposited along the ice margin rather than in a fluvial setting. 331 

Overlying these sediments, the middle part of the non-glacial unit, the predominantly silts 332 

(excluding the angular unconformity), is similar to the sediments described from Marion Lake, a 333 

now drained, but once perennial closed-basin oxbow lake in southern Manitoba (Brooks 2003; 334 

Brooks & Medioli 2003). Sediments deposited within oxbow lakes have been described as 335 

massive to faintly laminated, and dominated by silt-sized particles with little to no vertical 336 

textural grading throughout the fill sequence (Allen 1965; Brooks 2003; Brooks & Medioli 337 

2003), which is similar to the Ridge Site. However, aquatic indicators in the pollen and 338 

macrofossil data are in low abundance compared to other inferred lacustrine sites (Bos et al. 339 

2009; Bajc et al. 2015), which suggests that standing water throughout the time of accumulation 340 

was unlikely. We therefore suggest that this interval may represent a drier surface, marginal to 341 

the river channel, possibly at the entrance to a cut-off meander, with local presence of shrubs 342 

including Alnus and Salix, as confirmed by macrofossil analyses. A modern-day example of such 343 

an environment can be seen in Fig. 6. We interpret the upper part of the non-glacial unit, the unit 344 

contained within an angular unconformity, to be the base of a channel that cut into the material 345 
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below by renewed river activity or localized drainage. These fluvial sediments suggest drainage-346 

related changes to the river system, which are frequent processes in the modern landscape, as 347 

shown by the many oxbow lakes and ancient river scars which are present in the HBL today. 348 

Typical boreal peatland taxa such as Cyperaceae, Picea, Pinus and Sphagnum suggest 349 

that vegetation communities similar to the present-day HBL are preserved at the Ridge Site (Figs 350 

4,5). Polypodiaceae spores suggest the local presence of ferns, and these, in combination with 351 

bryophyte remains, confirm the presence of riparian wetland conditions. Herbaceous taxa such as 352 

Asteraceae, Ericaceae, Amaranthaceae and Poaceae suggest an intermittently open canopy. The 353 

modest decline in Sphagnum spores paired with the small increase in pollen of Cyperaceae 354 

toward the top of the non-glacial unit may suggest increased nutrients over time in the local 355 

environment, reflecting stream dynamics. Occasional river flooding may have contributed to the 356 

sedimentological features of the preserved site, along with the occasional presence of aquatic 357 

indicators (Potamogeton, Pediastrum; Fig. 4). These wet/dry cycles may help explain the 358 

intervals of poor pollen preservation, since corrosion of pollen grains can be indicative of 359 

exposure of the grains and the sedimentary matrix to aerobic environments or wet/dry cycles.  360 

Although abundances are low, macrofossil data permit key inferences about 361 

palaeoenvironmental conditions at the Ridge Site. The presence of Betula and Salix bark, along 362 

with Betula seeds confirm that these taxa were locally present. These taxa are generally 363 

intolerant to shade and tend to grow along recently disturbed river banks, suggesting that local 364 

parts of the forest canopy were open. Such environments are common in the HBL today. 365 

Furthermore, the presence of conifer bark and needles (cf. Pinus) also confirms the local 366 

presence of these taxa. However, conifer remains are difficult to differentiate when fragments are 367 

small, rare and not well preserved. If these remains are indeed Pinus, this would be notable 368 
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because this tree is not common in the area today; recent vegetation surveys indicate that Pinus 369 

banksiana is only occasionally noted in well-drained regions of the HBL (Riley 2003). The 370 

presence of large (>1 mm) and small (<1 mm) charcoal fragments suggests local and regional 371 

forest fires. Although fire is a more significant process in the drier boreal regions of western 372 

Canada (e.g. Hickman & Schweger 1996; Philibert et al. 2003), it is a component of ecosystem 373 

dynamics in the eastern Canadian boreal forest as well (e.g. Cyr et al. 2005). Fires may have 374 

been more frequent and/or more intense under drier climatic regimes. Although macrofossil 375 

remains were rare and low in diversity at the Ridge Site compared to other interstadial and 376 

interglacial sites from northern Europe (Bos et al. 2009; Väliranta et al. 2009; Helmens et al. 377 

2012, 2015; Houmark-Nielsen et al. 2016; Sarala et al. 2016), these data yield important 378 

supporting information for palaeoenvironmental inferences. 379 

Palaeoclimate reconstruction 380 

Our palaeoclimate reconstruction of the non-glacial unit of the Ridge Site suggests similar or 381 

perhaps somewhat cooler summer temperatures as compared to present-day, and lower total 382 

annual precipitation, as constrained by the errors on the reconstructions, and the limitations of 383 

the datasets available. Poaceae and Salix pollen in the fossil sequence are driving this result, and 384 

fossil pollen samples were, for the most part, most closely analogous to boreal/grassland 385 

transition sites in central and western Canada. This finding suggests that climate in the HBL may 386 

have been more continental in character during this period. These results are comparable to other 387 

records from North America suggesting that annual precipitation patterns may have been 388 

different from present-day during MIS 3 (Van Meerbeeck et al. 2009; Brandefelt et al. 2011; 389 

Sionneau et al. 2013) owing to partial continental glaciation (Grant et al. 2014). 390 
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There are few available MIS 3 palaeoclimate datasets for comparison with the Ridge Site, 391 

because such records are rare owing to glacial erosion, difficulty in dating, poor preservation, 392 

and, when present, climate estimates are largely qualitative. For example, Bajc et al. (2015) 393 

inferred a boreal forest or perhaps treeline/tundra-type environment in southern Ontario during 394 

MIS 3 on the basis of pollen and plant macrofossils. Similarly, Karrow & Warner (1984), 395 

Karrow et al. (2001) and Warner et al. (1988) document a Pinus and Picea-dominated 396 

assemblage indicating that a boreal forest and/or tundra environment was present during that 397 

time at other sites near the southern periphery of the LIS. These studies are notable since they are 398 

all located 100-300 km south of the present-day boreal forest. Thus, results from the Ridge Site, 399 

as well as other purported MIS 3 sites from the periphery of the Laurentide Ice Sheet, suggest an 400 

expanded boreal forest zone as compared to present-day, with generally cooler and drier 401 

conditions throughout much of the previously glaciated region. 402 

Along with characterizing the palaeoenvironment of a site which we tentatively assign to 403 

MIS 3 on the basis of radiocarbon dates, till stratigraphy and biological proxies, one of the main 404 

objectives of this study was to determine whether deposits belonging to MIS 3 could be 405 

differentiated from deposits dating to off-peak MIS 5 on the basis of pollen assemblages. Fig. 7 406 

shows a palaeoclimate reconstruction from the Nottaway River in the James Bay Lowlands, 407 

adjacent to our study region, using the same methods and modern calibration set as the Ridge 408 

Site. The Nottaway River site was chronologically constrained broadly to off-peak MIS 5 based 409 

on U-Th dating (Allard et al. 2012). Similar to the Ridge Site, reconstructed summer temperature 410 

was comparable to present-day at the Nottaway River site (data not shown). However, notably, 411 

reconstructed annual precipitation was an average of 865±192 mm as compared to 652 mm 412 

present-day at the MIS 5 Nottaway River Site (Fig. 7), suggesting increased moisture during MIS 413 
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5 relative to today. However, this stands in contrast to the drier conditions documented for the 414 

Ridge Site, hypothesized to date to MIS 3 (Figs 4,7). Thus, if chronology data and the resulting 415 

palaeoclimate interpretations from these sites are well supported, MIS 3 and off-peak MIS 5 sites 416 

from the HBL could be differentiated on the basis of relative continentality: MIS 3 is 417 

characterized by lower total annual precipitation and off-peak MIS 5 by similar or greater than 418 

present-day. Additional MIS 3 and off-peak MIS 5 sites are needed to further test this 419 

hypothesis. Moreover, there is a need to better understand and quantify the climate variability 420 

during MIS 5a-d, which fluctuated between relative cool stadials (MIS 5d, 5b; peaks: c. 109 000 421 

a BP and c. 87 000 a BP) and warmer interstadials (MIS 5c, 5a; peaks: c. 96 000 a BP and c. 82 422 

000 a BP). Nevertheless, our results suggest that, with additional sites and additional data, 423 

pollen-based reconstructions may hold the potential to be developed into a valuable tool for 424 

assigning ages and characterizing palaeoenvironments in sediments of the Missinaibi Formation. 425 

While the errors associated with the palaeoclimate estimates from the Ridge Site (±1.51 °C 426 

for average summer temperature; ±170 mm for total annual precipitation) are similar to 427 

Holocene palaeoclimate reconstructions from the HBL and the forest-tundra transition zone of 428 

Canada (Bunbury et al. 2012; Richerol et al. 2016), further reducing these errors is important if 429 

pollen-based inferences are to be used as a chronological tool for assigning age(s) to the 430 

Missinaibi Formation. However, a main obstacle in reducing this error is that typical 431 

boreal/peatland taxa are found extensively across large biogeographic ranges in North America 432 

(Whitmore et al. 2005) and therefore have widespread climatic tolerances. One way to reduce 433 

this error may be the removal of extra-regional (wind-transported) pollen grains, which can lead 434 

to a pollen assemblage which is inconsistent with the local vegetation (Birks & Birks 2000). This 435 

technique permitted errors on palaeoclimate reconstructions from the Arctic to be reduced to 436 
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±0.6 °C for July temperature and ±19 mm for total annual precipitation (Peros & Gajewski 2008; 437 

Peros et al. 2010). However, this may not be appropriate in a treed landscape. Also, little is 438 

known about the distribution of local, regional or distant vegetation in the HBL during MIS 3 439 

since macrofossil fragments were sparse and sometimes poorly preserved at the Ridge Site. In 440 

this case, the macrofossil record represents only a fraction of the local vegetation. The continued 441 

development of multi-proxy techniques and independent proxies for palaeoclimate such as 442 

chironomids, diatoms, insect remains, stable isotopes, leaf wax biomarkers or bacterial 443 

membrane lipids (Huang et al. 2006; Engels et al. 2008; Väliranta et al. 2009; Weijers et al. 444 

2011; Helmens et al. 2012; Nichols et al. 2014; Helmens et al. 2015; Houmark-Nielsen et al. 445 

2016) are critical for refining our understanding of the Missinaibi Formation and other 446 

Pleistocene palaeoenvironments. 447 

Overall, there was less stratigraphic variation in pollen and macrofossil data at the Ridge Site 448 

as compared to sub-till interstadial and interglacial sites from northern Europe. This is likely the 449 

result of depositional setting, since non-glacial records from Fennoscandia more frequently 450 

originate from lacustrine settings (Bos et al. 2009; Helmens et al. 2012; Helmens et al. 2015), 451 

which often record more detailed vegetation dynamics. For example, a biostratigraphic 452 

investigation of an inferred oxbow lake at Sokli, northern Finland, allowed for the recognition of 453 

succession from a birch- to pine- to spruce-dominated local environment during MIS 5c 454 

(Helmens et al. 2012). Similarly, Helmens et al. (2015) used pollen and macrofossil data to 455 

document a short-lived cooling event during MIS 5e, which was preserved in a gyttja deposit. 456 

Such detailed vegetation data allows the different time periods (e.g. MIS 3 and MIS 5) in 457 

Fennoscandia to be distinguished based not only on temperature and/or precipitation, but also 458 

from understanding succession of the vegetation community during the time period of question. 459 
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An equally detailed pollen, diatom and macrofossil record dating to MIS 3 was also presented by 460 

Sarala et al. (2016). Since vegetation succession is not well preserved at the Ridge Site, there is 461 

less potential for detailed inferences of plant community changes during MIS 3 in the HBL. 462 

Nevertheless, oxbow lakes are common in the present-day HBL, so it is likely that lacustrine-463 

type sediments are preserved as part of the Missinaibi Formation and will be the subject of future 464 

studies. 465 

Conclusions 466 

Since the HBL is located near the centre of growth of many Pleistocene ice sheets, the 467 

occurrence of non-glacial intervals in this region corresponds to either largely retreated or highly 468 

dynamic ice sheets over North America. Radiocarbon dating suggests that the non-glacial 469 

interval at the Ridge Site may date to MIS 3, which would mean significant reduction of the 470 

central part of the Laurentide Ice Sheet prior to the build-up toward the last glacial maximum. 471 

Such MIS 3 ages had been previously reported in the region (Andrews et al. 1983; Berger & 472 

Nielsen 1990), but remained tentative owing to errors and uncertainties in dating. Continued 473 

dating of similar Pleistocene-aged records is critical for developing an accurate understanding of 474 

past glaciation, and developing accurate climate models.  475 

Pollen, macrofossils and sedimentological proxies at the Ridge Site provide one of the 476 

few quantitative accounts of palaeoenvironment from the previously-glaciated region. 477 

Palaeoclimate reconstructions from the Ridge Site, along with other sites from the periphery of 478 

the Laurentide Ice Sheet, suggest that dry, expansive boreal vegetation colonized much of the 479 

previously glaciated region. Our discovery of subtle vegetation (and thus, climate) differences 480 

between this purported MIS 3 site and an off-peak MIS 5 site in the adjacent James Bay 481 
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Lowlands highlights the potential for vegetation assemblages to be used as an inferential dating 482 

technique. The continued development of such quantitative techniques may prove to be a 483 

valuable tool for assigning ages to sub-till records in the HBL region, since pollen is well 484 

preserved and thoroughly documented at many undated sub-till sites.  485 
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Figures and Tables captions: 765 

Fig. 1. Map of the Hudson Bay Lowlands showing the location of modern pollen samples from 766 

the North American Modern Pollen Database (NAMPD; blue circles) (Whitmore et al. 2005) 767 

along with modern data which were newly compiled for inclusion in this study (white circles; 768 
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Table S1). The Ridge Site is shown (black triangle), along with the Nottaway River Site (white 769 

triangle; Allard et al. 2012). Elevation data are from Amante & Eakins (2009). Inset map locates 770 

the study area (square) on the North American continent. Scale on inset map is approximated for 771 

50° N.  772 

Fig. 2. Stratigraphy of the 18-m section studied at the Ridge Site, along with sampling details for 773 

pollen and macrofossils in the non-glacial unit. Tick marks on the left-most stratigraphic plot 774 

indicate elevation above river level (in m). Black circles indicate pollen sampling locations and 775 

black squares indicate macrofossil sampling locations. Green circles indicate location of samples 776 

for radiocarbon dating. See Fig. 3 for corresponding field photographs taken at points A, B, C 777 

and D.  778 

Fig. 3. Field photographs from the Ridge Site. The position of each photograph is indicated in 779 

the text as well as by letters A through D in Fig. 2. A. Lower 20 to 30 cm of the non-glacial unit 780 

where stratified sand and silty sand are separated with rare thin diamicton lenses. The irregular 781 

lower diamicton can be seen as the light-colored sediments at the bottom of the photograph. The 782 

dark interval at the top of the photograph is the location of pollen and macrofossil sampling. B. 783 

Upper part of the non-glacial unit at till contact. The dark interval at the bottom of the 784 

photograph is the location of pollen sampling. C and D. Close-up of interbedded sands and silts 785 

containing organic detritus. E. Aerial view of the Ridge Site in 2012. The vegetation line across 786 

the face of the river bank is where the organic-bearing muds occur. 787 

Fig. 4. Palynology and pollen-derived palaeoclimate reconstructions from the Ridge Site. The 788 

stratigraphic plot shows the location of each pollen interval at the site (circles) as well as the 789 

location of macrofossil samples (squares). See Fig. 2 for an explanation of symbols in the 790 
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stratigraphy sketch. Shaded regions correspond to pollen samples which were excluded on the 791 

basis of poor preservation (e.g. <5000 pollen grains cm-3). For intervals with good preservation, 792 

all pollen/spore taxa reaching 2.5% relative abundance in at least one sample are shown. See text 793 

and Supporting Information for a complete list of pollen taxa used in the palaeoclimate 794 

reconstruction. Total annual precipitation and average summer temperature were reconstructed 795 

for the Ridge Site using the modern analogue technique (see text for details). Vertical lines 796 

indicate present-day summer temperature (15.5 °C) and total annual precipitation (705 mm) at 797 

the Ridge Site. NB: For the purposes of this figure, the samples in the overlying unconformity 798 

were placed above those from the clay/silt-rich unit. This transition is indicated by the dashed 799 

line. 800 

Fig. 5. Loss-on-ignition, particle size and macrofossil data from the lower 150-cm of the non-801 

glacial unit at the Ridge Site. Macrofossil data are presented in raw counts, and crosses indicate 802 

present (+), frequent (++) and abundant (+++) representation in the sample. See Fig. 2 for the 803 

location of these samples relative to pollen samples. 804 

Fig. 6. A modern-day example of the inferred palaeoenvironment preserved in the non-glacial 805 

unit at the Ridge Site: a shrub-covered area at entrance to cut-off meander (indicated by an 806 

arrow). The cutoff meander in this photograph is located ~50 m downstream from the Ridge Site.  807 

Fig. 7. A comparison of reconstructed total annual precipitation at the Ridge Site (MIS 3) and the 808 

Nottaway River Site (MIS 5; Allard et al. 2012). Vertical lines represent the present-day values 809 

at each site: 705 mm and 652 mm, respectively. Note: differing sample intervals at each site. 810 

Table 1. Radiocarbon dating results from the Ridge Site. ‘F14C’ indicates the percent of modern 811 

carbon measured in the sample. Where the F14C was not distinguishable from background, the 812 
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age is marked with a cross (†) and the background age was assigned to that sample (Stuiver & 813 

Polach 1977). Dates which are finite were calibrated using CALIB Rev 7.0.4 and the 2013 814 

calibration curve (Stuiver & Reimer 1993; Reimer et al. 2013). Dates which exceed the 815 

calibration curve, denoted with an asterisk (*), could not be calibrated and are reported as 816 

radiocarbon years (a 14C). All ages were rounded to the nearest 100 and errors were rounded to 817 

the nearest 50. All radiocarbon dates were analyzed at the A.E. Lalonde AMS Laboratory, 818 

Ottawa, Canada. Chronology data from the Ridge Site was previously reported in Dalton et al. 819 

(2016). 820 

Lab ID Material dated Sample interval (cm) F14C Assigned age 

UOC-0591 peat 160 cm 0.0092 ± 0.0003 40 000±400 

UOC-0592 peat 50 cm 0.002  ± 0.0002 49 600±950 †* 

UOC-0842 peat 50 cm 0.0019 ± 0.0001  > 48 800 

 821 

 822 

Supporting Information 823 

Table S1. Raw data counts for previously published and newly counted modern pollen sites in 824 

the Hudson Bay Lowlands, Canada. When raw pollen counts were not provided in the original 825 

publication, relative abundance data was approximated from the pollen figure(s) of the original 826 

publication and converted to raw data using the pollen sum. The column “ID” refers to a unique 827 

code assigned to that site, while “original ID” refers to the name/number of that site from the 828 

original publication. Elevation and climate data were collected from Natural Resources Canada 829 

(2015). Climate data are based on a 30-year average (1971 to 2000). An artificial pollen sum was 830 

used for Skinner (1973) and Terasmae & Hughes (1960), since no sum was indicated in the 831 

original publication. Despite being located in wetland settings, some of the modern sites were 832 
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missing Cyperaceae and Sphagnum counts, or they were indicated in qualitative terms (e.g. 833 

“abundant” or “present”). Since wetland taxa are not incorporated into the palaeoclimate 834 

reconstruction in this paper, we retained these sites, compiling only the arboreal, herb and shrub 835 

counts. In the case of Bazely (1981), there were originally 21 sites (with different pollen counts) 836 

associated with the same geographic coordinate. To resolve this issue, we chose a representative 837 

sample by creating a DCA of the 21 sites and picking the central site to incorporate into our 838 

dataset. Most data in this table are from surface samples, however a few were extracted from the 839 

top (or modern) sample of a peat and/or lake core. Sites are ordered from east to west. 840 

Fig. S1. Model performance for the modern pollen calibration set. Modern pollen data were 841 

taken from the North American Modern Pollen Database (Whitmore et al. 2005) as well as 842 

newly-compiled data from the Hudson Bay Lowlands (Table S1). See main text for details on 843 

which species were included in this analysis. 844 
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Fig. 3. Field photographs from the Ridge Site. The position of each photograph is indicated in

the text as well as by letters A through D in Fig. 2. A. Lower 20 to 30 cm of the non-glacial unit

where stratified sand and silty sand are separated with rare thin diamicton lenses. The irregular

lower diamicton can be seen as the light-colored sediments at the bottom of the photograph. The

dark interval at the top of the photograph is the location of pollen and macrofossil sampling. B.

Upper part of the non-glacial unit at till contact. The dark interval at the bottom of the

photograph is the location of pollen sampling. C and D. Close-up of interbedded sands and silts

containing organic detritus. E. Aerial view of the Ridge Site in 2012. The vegetation line across

the face of the river bank is where the organic-bearing muds occur.
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Fig. 6. Amodern-day example of the inferred palaeoenvironment preserved in the non-glacial1

unit at the Ridge Site: a shrub-covered area at entrance to cut-off meander (indicated by an2

arrow). The cutoff meander in this photograph is located ~50 m downstream from the Ridge Site.3
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