POTENTIAL PITFALLS OF POLLEN DATING
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ABSTRACT. Pollen extracted from ocean and wetland sediments cored from the eastern Canadian Margin, James Bay
region, and Atlantic provinces of Canada have been radiocarbon dated and results are reported here. Pollen dates from ocean
sediments were compared with marine carbonate (mollusk shells or foraminifera) dates from the same core levels, dates for
which validity was assessed via correlations with other cores, and for which reworking has been excluded. Pollen samples
from 3 tidal wetlands were taken from levels dated with 137Cs and 2'9Pb profiles. Pollen dates from 2 additional wetlands were
compared with 14C dates of botanical macrofossils. Most pollen dates disagree with '4C dates based on macrofossils or car-
bonates, with age differences typically exceeding 250 yr and reaching 4000 yr in one instance. In some cores, pollen dates
show age reversals. Significant proportions of reworked pollen grains in ocean and wetland samples are associated with pol-
len dates that are too old. Prolonged core storage could result in pollen '“C ages that are too young, possibly because of growth
of fungi or other microbes, but more work is needed to verify this hypothesis. Despite the problems we encountered, some
pollen dates are consistent with other '“C dates from the same core levels, suggesting this dating method can work, but at
present, more work is needed to understand the conflicting results obtained.

INTRODUCTION

Brown et al. (1989, 1992) established the validity of radiocarbon dating pollen by comparing accel-
erator mass spectrometry (AMS) '“C dates on bulk sediments to pollen concentrates obtained from
lake sediments associated with the Mazama Ash. They found pollen dates were consistent with pub-
lished dates. However, Brown et al. (1989, 1992) also noted the presence of residual organic mate-
rial in the pollen concentrates and warned this could bias results, as found with Lake Gosciaz
(Poland) pollen concentrates (Kilian et al. 2002). Pollen dating was tested successfully with Chinese
loess-paleosol sediments (Zhou et al. 1999) on all samples from undisturbed sediment layers. Other
methods subsequently were applied to obtain pure pollen samples for dating. To remove all the non-
pollen material, Long et al. (1992) proposed to use a glass needle and a micromanipulator, a non-
standard and expensive equipment. Regnell and Everitt (1996), who tested heavy liquid separation
with cesium chloride to isolate pollen from other material, cautioned that pollen density varied with
the type of chemical processing and its source environment. Microbial digestion was tested as a
means to eliminate coarse fibrous fragments from peat samples, but this was time consuming and
failed to remove all non-pollen material (Richardson and Hall 1994).

Mensing and Southon (1999) reported a simple and inexpensive method to obtain pollen for 4C dat-
ing. Instead of removing unwanted material through chemical or microbial processes, they
employed a mouth pipetting system to pick the pollen grains. They tested their method on sediments
from Lake Moran in California, and obtained good results for sediments taken below and above the
Mazama Ash layer. Pollen grain concentrates were used to date syngenetic ice wedges, in an attempt
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to develop an alternative method to date permafrost formations. The accuracy of '“C dates appears
to vary in different parts of a single ice wedge, reflecting changing proportions of in situ and re-
deposited pollen and spores (Vasil’chuk 2004; Vasil’chuk et al. 2004).

14C dating of pollen grains has been unsuccessful with ocean sediments. Mensing and Southon
(1999) attempted to date ocean samples of known calendar ages (varves) from the Santa Barbara
Basin. Pollen dates for samples corresponding to the peak in nuclear testing contained, as expected,
excess “C but lower levels than expected. Similarly, pollen dates for samples prior to the bomb peak
were much too old, suggesting contamination by old residual carbon or the presence of reworked
pollen grains.

In this study, we date pollen grains from tidal wetland deposits, a type of deposit where Mensing and
Southon’s (1999) method has not yet been tested. '“C-dated pollen from shallow depths in tidal
marshes are compared with age models derived from '37Cs and 219Pb profiles, while “C dates from
botanical macrofossils are used for buried wetland deposits. We also test the ability of the method to
date early Holocene ocean sediment samples. Older oceanic samples were selected to avoid the
Suess effect (Bard 1988) responsible for the introduction of large amounts of “C-depleted CO, in
the atmospheric reservoir and to avoid the impact of bomb '“C from atmospheric nuclear tests
(Bowman 1990; Higham 2006). #C-dated pollen are compared with marine carbonate dates.

Despite the remote distance from vegetation, the “C content of pollen grains collected in ocean sed-
iment is expected to reflect that of the atmosphere at the time of deposition. Long-distance eolian
transport of pollen towards the continental shelf off eastern Canada is well documented (Mudie
1982; Levac 2012). Many studies have shown that deposition of fine-grained organic material
(including pollen grains) is mediated by flocculation (Alldredge and Silver 1988) and inclusion in
fecal pellets by zooplankton (Hinga et al. 1979) or mollusks (Chmura and Eisma 1995). Where bot-
tom currents are weak, conifer pollen is probably deposited within 12 hr (Mudie and McCarthy
1994). Pollen deposition patterns in tidal flats and salt marshes from the Netherlands and Bay of
Fundy suggest that salt marshes act as sinks for pollen from local vegetation and for pollen trans-
ported by flood tides (Chmura and Eisma 1995; Beecher and Chmura 2004).

METHODS
Sample Selection

Pollen dates from shallow tidal wetland deposits were compared to age models based on profiles of
137Cs and 2!9Pb in those deposits. Tidal wetland samples were obtained from cores recovered from
the coast of James Bay, QC (AMC core 52.78°N, 78.48°W); Malpeque Bay, PEI (46.47°N,
63.28°W); and Kouchibouguacis Lagoon, NB (47.08°N, 64.28°W) (Figure 1), selected for the avail-
ability of reliable age models and minimal bioturbation within the last 100 yr, as suggested by the
210pp profiles (Figure 2, Pendea and Chmura 2012). In the Malpeque and Kouchibouguacis cores,
samples for pollen dating were taken from depths corresponding to the peak levels in 137Cs (atmo-
spherically deposited during nuclear weapons testing from 1960-1963) and to depths located before
the first nuclear bombs (1933 or 1939).

Another set of pollen dates was compared to dates obtained from botanical macrofossils identified
in buried wetland deposits near the eastern coast of James Bay, QC (Figure 1). Cores W25 (52.98°N,
78.48°W) and W55 (53.02°N, 78.17°W) were retrieved as part of a study of wetland evolution dur-
ing isostatic rebound (Pendea et al. 2010). Both cores contain marine clay at their base and deposits
of wetlands that reflect decreasing influence of tidal flooding and surface water inputs upwards:
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tidal marsh, tidal fen, fen, and eventually bog. The cores presented normal age-depth profiles sug-
gesting minimal reworking or other forms of sediment disturbance (Pendea 2011).

2 a  In2%Pb(Bgkg") b In 219Pb (Bq kg™')
Y = g 0 5 10 0 5 10
Hudson | - . 1 0 :
Bay
"/ 5 5 1
N
James s 14 10l / g 10 1
Bay % < =
Wt p £
M RC g 15 | g 15 |
\ ©
% % hel *
20 20
ON
25 25 L2
l/
_Canada> Atlantic
USA|
-80° -60° -50°
0 105210 420 630 840
Kilometers

Figure 1 Location of cores used in this study: 1) Malpeque Bay, PEL 2) Figure 2 Profiles of 2!°Pb in sediments cored
Kouchibouguacis, NB; 3) Southeastern James Bay core AMC; 4) Southeastern from a) Malpeque Bay, PEI and b) Kouchi-
James Bay core W25; 5) Southeastern James Bay core W55; 6) Bay of Islands bouguacis Lagoon, NB (from Chmura 2001).
core MD99-2225; 7) Inner Makkovik Bank cores 2005033B-21PC and

2005033B-22PC; 8) Notre Dame Channel core 2010023-11PC; 9) Notre Dame

Channel cores 83033-07PC and 87033-19PC.

Ocean sediment samples used in this study were from cores retrieved along the eastern Canadian
Margin in which 4C dates were already available from shells or foraminifera (Figure 1). The Bay of
Islands core, composed of silty clay mud, was retrieved from 104 m water depth in a fjord on the
western coast of Newfoundland (49.00°N, 58.08°W). Two cores of silty sandy mud of the early
Holocene Qeovik Silt unit (Josenhans et al. 1986) are from the inner marginal trough of the central
Labrador Shelf. The inner Makkovik Bank core 2005033B-21PC (55.13°N, 58.08°W) was retrieved
from 246 m water depth and core 2005033B-22PC (55.12°N, 58.08°W) from 331 m water depth.
Other cores spanning the equivalent sequence of sediments (Dale and Haworth 1979; Josenhans and
Fader 1989) are from Notre Dame Channel (2010023-11PC at 51.79°N, 52.02°W from 498 m water
depth; HU83033-07P at 50.89°N, 53.30°W from 457 m water depth and HU87033-19P at 50.91°N,
53.26°W from 453 m water depth). Only cores with good sedimentological descriptions and undis-
turbed sequences were selected. Previous sedimentological, micropaleontological, or palynological
studies provided additional age models for the cores from Bay of Islands (Levac 2003; Sandercombe
2011) and Notre Dame Channel (Levac etal. 2011; Lewis et al. 2012). As much as possible, we chose
recent cores kept in cold storage (4 °C) to avoid preservation problems, with the exception of core
83033-07, initially kept in cold storage but which then spent 18 yr in warm storage (~20 °C).

Pollen Extraction

Pollen was extracted using the procedure reported by Levac et al. (2011). Sediments were initially
sieved at 120 um to remove the coarsest particles and at 10 pm to remove fine silt and clay. The
remaining 10-120 pm fraction was processed with cold 10% hydrochloric acid to remove carbon-
ates and with cold 50% hydrofluoric acid to remove silicates. We avoided using alkaline treatments
and acetolysis that are often used in pollen preparations, to minimize input of exogenous carbon. To
further reduce the risks of contamination by '“C-free material, only new Nitex® sieves and new test
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tubes made of non-reactive material were used. To rule out contamination from within the laborato-
ries (at McGill and at Bishop’s universities), we attempted without success to extract '“C-free pollen
from Sangamonian sediments to determine the modern carbon blank for the pollen extraction pro-
cess. As an alternative, size-dependent '“C backgrounds were determined on small aliquots of coal
dust that had undergone the pollen extraction chemistry (Table 1), as well as the AMS sample prep-
aration procedures. Based on these results, plus measurements of small aliquots of the modern OXI
standard, small-sample corrections for blanks of 0.4 + 0.2 ug of both modern and '“C-free carbon
were applied to the pollen results. To derive these estimates, the results for small *C-free and mod-
ern (contemporary) test samples were plotted on log-log plots of background vs. sample size, similar
to those in Figures 9 and 10 of Santos et al. (2007), and the resulting estimates of modern and '“C-
free contamination were obtained directly from the plots. Mass balance (i.e. size-dependent) correc-
tions were then applied to the unknowns based on Equation 5 of Santos et al. 2007. (See Appendix
A of that paper for a detailed derivation.) An uncertainty of 50% was applied to all of the back-
ground corrections, based on the run-to-run scatter commonly observed in small sample blanks.

Table 1 Aliquots of powdered coal subjected to the pollen chemistry plus combustion, graphitiza-
tion, and AMS measurement at UC Irvine to determine potential contamination during lab process-
ing of samples.

UCIAMS Weight Fraction Modern

Lab # (mg C) (Fm) AC (%o) 14C age (BP)
Bishop’s University blanks

105028 0.530 0.0016 + 0.0001 -998.4+0.1 51,750 + 260
105029 0.170 0.0022 + 0.0001 -997.8 +0.1 49,220 =290
105030 0.038 0.0074 £ 0.0003 -992.5+0.3 39,350 + 280
McGill University blanks

105031 0.075 0.0043 £ 0.0002 -995.7+0.2 43,720 + 430
105032 0.025 0.0137 £ 0.0004 -986.3+0.4 34,450 £ 250
105033 0.056 0.0083 + 0.0002 -991.7+0.2 38,520 + 230

Pollen grains were isolated from the processed samples following the method of Mensing and Sou-
thon (1999). Conifer pollen (primarily pine, Pinus, and spruce, Picea) were identified and picked
using a binocular microscope at 35-50% magnification after careful washing over a 10-um sieve. We
selected these taxa because they constitute 40 to 70% of pollen assemblages in sediments of the east-
ern Canadian Margin (Mudie and McCarthy 1994) and they are readily transported by wind (Mudie
1982). Between 200-2000 pollen grains were picked, depending on the pollen concentrations in the
samples. These numbers provided sufficient carbon weight to obtain a '“C date with most of the
samples (17 out of 19) due to the large size of the conifer pollen, which also makes them easier to
target. The extracted pollen samples were dated at the Keck Carbon Cycle AMS facility at the Uni-
versity of California, Irvine (Southon et al. 2004) using standard small-sample techniques (Santos et
al. 2007). All '*C ages shown are conventional “C ages corrected for isotopic fractionation and cal-
culated according to Stuiver and Polach (1977). Large 1o errors for some of the results primarily
reflect increased uncertainties in the determination of backgrounds for very small samples.

We dated samples of modern pine pollen (Pinus massoniana) that were purchased from a health
food store in late 2012 and treated with base plus acid, and base plus acid plus chlorine bleach, to
remove waxy coatings and the interior cytoplasm, leaving the exine (outer shell) which remains in
fossil pollen. These gave Fm values of 1.037 £ 0.002 and 1.035 + 0.002, respectively, close to 2011—
2012 atmospheric 4CO, results (X Xu, personal communication), indicating that the '“C content of
pollen does indeed reflect that of the contemporary atmosphere.
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Radiocarbon Calibration

The !4C dates were calibrated to correct for variations in atmospheric 4C concentration over time.
Pollen dates were calibrated with the calibration program CALIB v 6.1.1 (http://calib.qub.ac.uk/)
using the IntCal09 calibration data set, while shells or foraminifera dates were calibrated using the
Marine09 calibration curve (Reimer et al. 2009).

Normally, 2 corrections are applied to marine carbonate dates: the global ocean reservoir correction
(~ 400 yr), to account for the global offset from the IntCal09 curve (Stuiver et al. 2005; Reimer et
al. 2009), and a regional AR correction to account for any additional offset for the specific study area
(Stuiver et al. 2005; Reimer et al. 2009). In the Marine Reservoir Correction Database at Queen’s
University, Belfast (Stuiver et al. 2012), the sites that are the closest to our core sites call for regional
corrections between 60—150 yr (McNeely et al. 2006). In addition, where appropriate, we added a
100- to 200-yr correction to account for deglacial/early Holocene sea ice conditions for the respec-
tive study regions, using the model developed by Bard et al. (1994) (see Lewis et al. 2012). The cor-
rections for increased sea ice duration have an uncertainty of +50 based on the precision (1.28
months) of the method used for the sea ice reconstructions (Levac 2002) upon which the sea ice cor-
rections are based. This sea ice correction has been added to the AR before the calibrations.

Calibrated '*C dates are reported in cal BP within a 2o range and corresponding 95% confidence
interval. All the calibrated age ranges are reported in Tables 2, 3, and 4, but ranges with the highest
probabilities are reported in the discussion. The ages from 14C-dated pollen from the modern tidal
marshes (Table 2) were compared with the 219Pb- and !37Cs-derived calendar years, or the fraction
Modern values (F1*C: Reimer et al. 2004) obtained with CALIBomb (Reimer and Reimer 2005) for
post-bomb data.

RESULTS AND DISCUSSION
Wetlands

Tidal wetland samples produced '*C pollen data that disagreed with the results based on the 137Cs
and 219Pb profiles (Table 2). The pollen sample from 13.2 ¢cm in the Malpeque Bay core returned a
Fm value of 1.17, but this level is characterized by a 137Cs peak and therefore corresponds to 1963 yr
CE, for which F'4C ranged from 1.5 to 2.0 for the high-latitude Northern Hemisphere (Hua and Bar-
betti 2004). We obtained a similarly discrepant result for the 1960 yr CE sample from the Kouchi-
bouguacis core, for which the pollen sample returned a F14C value of 1.025, much lower than the
expected value of 1.22. Mensing and Southon (1999) also found surprisingly low F'4C results for
Santa Barbara Basin pollen samples from the 1960s.

Two other samples from these same deposits were from levels predating the nuclear bomb. In the
Malpeque Bay core, the 22.2 ¢cm depth has a pollen date of 530 + 70 BP compared to the 2!Pb-
derived date of 1939 yr CE, which corresponds to a '“C age of 170 BP on the IntCal09 curve. Sim-
ilarly, at 21.5-22.5 cm depth in the Kouchibouguacis core, the date for pollen is 700 + 100 BP,
whereas the 219Pb-derived date of 1933 yr CE yields an equivalent “C age of 150 BP. These differ-
ences cannot be explained by the Suess effect (the '#C depletions due to the introduction of fossil
fuel carbon dioxide into the atmosphere) since those depletions are already built into the calibration
curve. Instead, we believe they are due to the presence in our samples of reworked pollen, which
could introduce '“C-depleted carbon into both pre- and post-bomb samples. Roe and van de
Plassche (2005) studied pollen in a Connecticut salt marsh and found that the pollen can be eroded
from older local sediments before being redeposited nearby. This process would not be visible min-
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eralogically. Residues from the pollen extraction were mounted on slides and examined at 400%
magnification. The condition of each grain was recorded, and grains exhibiting deterioration, as dis-
played in Figure 3, were considered reworked. The examination revealed that at 21.5-22.5 cm depth
Malpeque Bay sediment contained 22% reworked pollen and at 22.2 cm depth Kouchibouguacis
sediment contained 15% reworked pollen. From this, we suspect that, despite careful picking,
reworked conifer pollen was included in the samples sent for '“C dating. In the AMC core from
southeastern James Bay, the '“C age of pollen from 25-26 cm depth is 1025 + 35 BP, much older
than the 2!9Pb-derived age. We suspect pollen reworking, but this was not verified for this sample.

Figure 3 Microphotographs of pollen grains showing different types of deteri-
oration based on categories of Birks and Birks (1980): A) Broken Lycopodium
spore, 957 cm depth, core 2005033B-21PC; B) Degraded Lycopodium spore
showing increase in opacity, 565-566 cm depth, core 2005033B-22PC: C) Bro-
ken bisaccate pollen, with 1/2 remaining, 565-566 cm depth, core 2005033B-
22PC;. D) Crumpled and folded Betula pollen, 957 cm, core 2005033B-21PC;
E) Broken bisaccate pollen with 1/3 remaining; F) Non-degraded bisaccate pol-
len, 957 cm, core 2005033B-21PC.

The James Bay wetland cores with 4C-dated botanical macrofossils produced “C pollen dates that
are either similar or older than those from macrofossils (Table 3). In core W25, pollen grains from
the depth interval 232.4-233.4 cm returned ages of 3160 + 60 BP, older than the macrofossil 4C
date of 2710 + 40 BP. Examination of the pollen residue revealed 31% reworked pollen. That depth
interval represents a minerotrophic fen, a wetland receiving surface water input (Shotyk 1996), a
process that could have introduced some old pollen grains in the 232.4-233.4 cm interval. Blaauw
et al. (2004) has assessed the robustness of 1“C dating of various types of plant remains and it is
unlikely that the problem lies there. At Lake Gosciaz (Poland), macrofossil 1C dates from lami-
nated sediments would match the varve chronology, while *C dates from pollen were too old (Kil-
ian et al. 2002). We note, however, that the dates were based on pollen concentrates (80% pollen),
and could be biased by organic material other than pollen.

At alower depth (276.5-277 cm) in James Bay core W25, the pollen age 0of 2935 + 25 BP is younger
than the macrofossil age of 3060 + 40 BP, but by only 125 yr. The calibrated age ranges with the
highest probabilities do not show any overlap. However, if we use the lower of the 2 values, as advo-
cated by Pendea et al. (2010) on stratigraphic grounds, the macrofossil and pollen calibrated date
ranges for this interval (3162-3190 versus 2997-3168 cal BP) overlap. That depth interval in core
W25 represents the transition from a tidal marsh stage to a fen stage; hence we could expect a slight
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tidal influence and potentially some pollen redeposition. However, this is apparently not always the
case. In core W55, pollen and macrofossil “C dates for the depth interval 34.9-36.5 c¢m are close,
825 £ 20 and 800 + 40 BP, and their calibrated age ranges overlap.

Ocean Sediments

Few of the pollen samples returned '“C dates that were in agreement with the '4C dates from the
marine carbonate samples (Table 4). Many pollen samples returned dates that are considerably older
or younger (by 1000-4000 yr), sometimes within the same core. The pollen ages showing agree-
ment with the marine carbonate dates are from Notre Dame Channel (core 2010023-11 and 87033-
19) and Makkovik Bank (core 2005033-22PC). Differences in age range between 70 and 250 yr. In
core 2010023-11, the pollen age is 11,310 + 180 BP and the age based on foraminifera is 11,765 +
25 BP, resulting in an age difference of 250 4C yr, but the calibrated 2c range for pollen (12,720
13,511 cal BP) overlaps that of the foraminifera (12,692—13,095 cal BP). In core 87033-19, 1 pollen
age appears to be in agreement with 4C based on foraminifera. The pollen sample at 778-779 cm
returned an age of 10,280 + 60 BP, right between the planktonic age of 10,175 + 25 BP and the
benthic age of 10,450 + 30 BP. After calibration, however, the pollen age is older than the 2 foram
dates (Table 4). We also note that the pollen age at 778—779 cm is older than the pollen age at 874—
877 cm. In core 2005033-22, the pollen and shell ages are close (respectively, 6700 + 190 BP and
7150 + 40 BP), and their calibrated age ranges are not statistically distinguishable (7255-7937 ver-
sus 7347-7626 cal BP).

All 3 pollen samples from core 2005033B-21PC from the Inner Marginal Trough near Makkovik
Bank returned dates older than the marine carbonate samples. In the 755-756 cm depth interval, the
pollen date is 8070 &+ 80 BP while the marine carbonate date is 6970 + 40 BP. At 957 cm, the pollen
date is 9060 + 130 BP and the marine carbonate is 7135 + 20 BP. Finally, at 1038 cm the pollen date
is 8680 + 120 BP and the marine carbonate is 7150 = 20 BP.

The pollen ages that are apparently too young are from different cores as well (core MD99-2225,
83033-07, and 87033-19). The pollen sample from core MD99-2225 at 1440—-1442 cm is dated at
7030 £+ 100, while the bivalve shell has a date of 9120 + 90 BP. The 2 pollen samples from core
83033-7 are a few thousand years younger than the ages based on foraminifera. At 65—-67 cm, the
pollen sample is dated at 4360 + 70 BP, while the planktonic foraminifera are dated at 8390 +
100 BP. At 217-218 cm, the pollen age is 6580 + 100 BP, compared with the foraminifer’s age of
9520 + 35 BP. In core 87033-19, the pollen samples at 503—504 cm returned an age of 9150 +
220 BP, while the shell returned an age of 10,300 + 300 BP. At 874-877 cm in the same core, the
pollen age is 9760 + 220 BP, compared with a carbonate age of 10,500 + 40 BP. Calibrating the ages
does not reduce the differences between pollen and carbonate ages significantly.

Finally, we have a number of pollen dates from MD99-2225 for which we do not have carbonate
dates for comparison. We have pollen dates of 7760 + 60 BP at 1240-1242 c¢m, 8330 £+ 120 BP at
1260—1262 cm, and 7990 + 450 BP at 1430-1432 cm. We note an age reversal with the youngest age
at 14401442 cm, which is unexpected.

The mixed results produced by pollen samples from the various ocean cores, and in some cases, the
mixed results observed between pollen samples from the same core, render the interpretation of
these results very difficult. Differential bioturbation of the sediment fractions could play a role.
Because they are smaller than mollusk shells or foraminifera tests, pollen grains could be more eas-
ily bioturbated and mixed across a thicker sediment layer (Bard 2001). However, the high sedimen-
tation rates along the eastern Canadian Margin would keep these effects to a minimum (Anderson
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2001; Bard 2001). Between 755 and 1038 cm in Makkovik Bank core 2005033-21, the sedimenta-
tion rate is 1.69 ¢cm yr~!. Sedimentation rates of similar magnitude have been calculated for other
sediment cores in the region, including core 87033-19 (Levac 2002; Levac et al. 2011) and core
MD99-2225 (Sandercombe 2011).

Increased duration of sea ice cover also could explain, in part, the older pollen ages. Pollen of many
conifer species (such as Pinus and Picea) are easily transported by wind over long distances (Bour-
geois et al. 1985; Mudie and McCarthy 1994), but extensive sea ice could delay their deposition to
the sediments. This explanation is not entirely satisfactory though because some samples deposited
at a time when we should expect a longer sea ice duration (such as the samples from Notre Dame
Channel core 201023-11) actually returned pollen dates that are similar to the carbonate ages. It
would also be difficult to explain all of the age differences with just the sea ice cover.

Another explanation for older pollen dates would be the presence of reworked pollen grains in the
dated samples, as it is not possible to assess degradation at the magnification used for hand-picking.
The 24-36% degraded pollen found in the Makkovik Bank core 2005033-21 could explain why the
pollen dates are markedly older than carbonate dates. In core 2005033-22, where degraded pollen
grains amounts are low the pollen '“C date is similar to the shell date. Mensing and Southon (1999)
encountered a similar situation in the Santa Barbara Basin. There, pollen grains also appeared intact,
but pollen samples returned dates that were too old. The influence of meltwater from the Laurentide
Ice Sheet has been recognized in the core 2005033-21 deposits from which the pollen sample was
taken (Levac et al. 2011) and the sediments transported by the meltwater plume would be expected
to carry reworked pollen as well. We suspect that if pollen was redeposited from Quaternary depos-
its along the east coast they might not show signs of degradation. Because core 201023-11 is located
further offshore, this site would have received lower inputs of reworked pollen grains from melt-
water; and pollen and carbonate dates are similar. Advection of pollen and organic material in
marine environments might be more common than usually believed.

Pollen reworking also could explain an age reversal in core 87033-19. The pollen age at 778—779 cm
is older than the other pollen ages, and older than the marine carbonate ages. That sample was taken
just above the lowest detrital carbonate layer (see Levac et al. 2011). The plume of meltwater that
deposited this layer was likely originally eroded from Paleozoic age rocks and pollen- and carbon-
ate-bearing Quaternary sediments in the Hudson Bay region, consistent with the 35% proportion of
reworked pollen reported by Levac et al. (2011) at that depth. The proportion of reworked pollen is
lower (20%) at 503—504 cm, and the pollen date is younger than the marine carbonate date, support-
ing the idea that high proportions of reworked pollen result in pollen dates being older. However, 1
sample from core 83033-07, collected within the detrital carbonate layer corresponding to the cata-
strophic drainage of Lake Agassiz (and we assume containing a high proportion of degraded pollen
grains) returned a pollen date that was younger than the marine carbonate date. This suggests that
factors other than reworked pollen can also affect the '“C dates in some of the samples. The assump-
tion about reworked pollen in core 83033-07 cannot be verified as we do not have palynological data
for that core.

The pollen dates in MD99-2225 show an age inversion that cannot be explained by changes in
lithology (Levac 2003; Sandercombe 2011) and we are confident about the shell date for that core
(see below). An age reversal was also observed in the Santa Barbara Basin pollen dates (Mensing
and Southon 1999). A few ocean pollen samples returned dates that were markedly younger than the
dates from marine carbonates. These marine carbonate dates were obtained from different types of
material (bivalve shells, planktonic and benthic foraminifera); hence, this would not explain the age
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offset. Reworking of shells and foraminifera is also a possibility and we could speculate that the
presence of small amounts of detrital carbonate in sediments, even at depth intervals devoid of dis-
tinct detrital carbonate layers, could nevertheless affect the marine carbonate ages and make them
appear too old. These 2 hypotheses would be appealing if we were not confident about the carbonate
ages for the 3 ocean cores returning younger pollen ages: cores MD99-2225, 83033-07, and 87033-
19.

The pollen diagram for core MD99-2225 shows a major shift in vegetation between 1500 and
1800 cm, just below the pollen-dated level at 1440—1442 cm (Sandercombe 2011), corresponding to
the Pre-boreal Oscillation (Anderson et al. 2007). The end of this event (1500 cm in the core) is
dated at 9620 cal BP in nearby Southwest Brook Lake, based on a bulk sediment date of 8550 +
220 BP reported by Anderson and Lewis (1992). This is close to the carbonate date obtained at
1440 cm, suggesting that it is the pollen date that is too young by about 1854 '4C yr.

The pollen stratigraphy from 87033-19 has been correlated with pollen stratigraphies from New-
foundland lakes. The interval between 450 and 900 cm in core 19 corresponds to Compass Pond
zone CP2-ii (Dyer 1986), which has a bulk sediment date of 9300 cal BP at the top (for details see
Levac et al. 2011). While bulk sediment dates sometimes can be problematic (Grimm et al. 2009),
correlations of core 19 with other dated cores from the region based on detrital carbonate layers
associated with meltwater drainage episodes along the eastern Canadian Margin (Lewis et al. 2012)
reinforce our confidence in the carbonate ages for core 19. There is no palynological data for core
83033-07; however, correlations with nearby core 19, also based on detrital carbonate layers (Levac
et al. 2011), suggest that the marine carbonate dates available for both cores are valid. So, unless
both the marine carbonate dates and the bulk sediments dates from lakes are invalid, we need
another explanation for the much younger pollen dates.

The radically younger pollen ages obtained for core 83033-07 might be explained by the storage
conditions. While the carbonate samples were collected shortly after the core was recovered, the
pollen samples were collected after the core spent 18 yr in warm storage. Growth by fungi or other
microbes could have introduced '“C-rich CO, within the samples (Wohlfarth et al. 1998), biasing the
pollen ages. If this allochtonous material is removed by the pollen preparation with acids, this effect
might be limited, but Kilian et al. (2002) believe that the shape and size of pollen grains might allow
contaminating material to remain inside the pollen grain. Low-level !“C has been used aboard ships
at Bedford Institute of Oceanography to measure primary production of phytoplankton. Despite pre-
cautions in its use, and the isolation of coring activities on different expeditions, selective contami-
nation by low-level “C is a possibility and may have contributed to the anomalously young pollen
14C ages. However, research fleet operators are generally well aware of this problem and tracer spills
are rare. Furthermore, any contamination incidents (i.e. with bicarbonate solutions) are likely to
affect carbonate samples even more than the pollen grains, given the very harsh pollen extraction
chemistry (including the use of HCI). This is not the case here as carbonate dates are older than the
pollen dates.

CONCLUSIONS

We found that few pollen dates are in agreement with 4C dates based on macrofossils or marine car-
bonates, or with the age models derived from 219Pb or 137Cs profiles. The magnitude of the apparent
aging effect that reworked pollen has on pollen dates (either from ocean or wetland cores) suggests
that pollen reworking is more than just a negligible background effect. We suspect reworking might
be a bigger problem than previously believed in palynological samples from ocean and wetland
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deposits, as it can go unnoticed due to the absence of visible signs of degradation, especially for
material of Quaternary age. However, the presence of reworked pollen grains does not translate into
older pollen dates for all samples, suggesting there are processes affecting pollen dates that we still
do not understand. Some ocean sediment cores with multiple pollen dates show age reversals that
are not observed in carbonate dates, and that are not linked with changes in lithology.

In tidal wetland cores, pollen samples from levels predating the nuclear bomb returned ages that
were much too old, even if the Suess effect is taken into account. Also, these samples contained a
lower modern '“C fraction than expected. Pollen samples from levels corresponding to the peak in
nuclear testing also contained lower F'4C than expected from atmospheric saturation in “C caused
by the bombs. Finally, prolonged core storage could result in pollen 4C ages that are too young, pos-
sibly as a result of bacterial degradation, but more work is needed to verify this hypothesis and to
explain its exact mechanisms.
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