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Abstract

Mangrove sedimentary deposits are sensitive to changes in sea level and can be used to reconstruct mid- to late Holocene sea-level fluctuations in
intermediate and far-field locations, distant to the former polar ice sheets. However, they can be difficult to date using '“C because mangrove sediment
can contain mixtures of carbon of different ages. The two main potential causes of error are younger mangrove roots penetrating down through the
sediment column and bioturbation by burrowing animals which moves carbon up and down the sediment column. Both processes may introduce carbon
not representative of the age of deposition of the layer being dated. This study reports new '“C dates on organic concentrates (10-63 um) from mangrove
sediments from Makoba Bay on Zanzibar (Unguja) where previous bulk sediment '“C age—depth profiles contained inversions and were therefore less
useful for relative sea-level (RSL) reconstruction. Dates on organic concentrates provide a more coherent sequence of '“C ages compared with those
from bulk sediments. These new data provide an improved environmental history and mid- to late Holocene RSL record for this site. Our reconstructions
show that RSL rose during the mid-Holocene and reached within —=3.5m of present by c. 7900 cal. yr BP. RSL slowed as it reached present at or shortly
after c. 7000 cal. yr BP, with falling and/or stable RSL from c. 4400 cal. yr BP to present. We are not able to determine whether there was a RSL highstand
above present on Zanzibar during the mid- to late Holocene. The RSL reconstruction agrees broadly with changes predicted by the ICE-5G geophysical
model, which includes 4m of ice equivalent sea-level rise between 7000 and 4000 cal. yr BP. Our new dating approach has the potential to provide

improved chronologies with which to interpret sea level data from this and other mangrove environments.
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Introduction

The spatial and vertical distribution of mangrove vegetation and
their associated deposits are sensitive to changes in sea level
(Scholl, 1964a, 1964b; Woodroffe et al., 1985). Because of their
widespread occurrence in tropical environments, mangrove
deposits therefore provide potentially important sources of ‘inter-
mediate’ and ‘far-field’ sea-level observations (i.e. from sites that
are distant from the significant effects of glacio-isostatic adjust-
ment (GIA) found close to former ice sheets) and can provide
valuable constraints on ice-equivalent sea-level changes (e.g.
Milne and Mitrovica, 2008; Milne et al., 2005). However, the
potential of mangroves is difficult to exploit because of chal-
lenges when using the radiocarbon dating method.

Previous studies of fossil mangrove sediments show that
where mangrove environments are present for any length of time,
younger mangrove roots will penetrate the older underlying sedi-
ments and introduce young carbon into bulk “C samples, which
will be young compared with the age of their original deposition
(e.g. Grindrod and Rhodes, 1984; Schofield, 1977; Smith and
Coleman, 1967; Woodroffe, 1981, 1988b, 1990). Because man-
grove roots can penetrate up to 2m into underlying sediments
(Hutchings and Saenger, 1987), this can be a significant problem

when attempting to date mangrove sediment sequences. The
problem is further compounded by bioturbation by a diverse
fauna which may bring older organic material to the surface,
increasing problems associated with obtaining reliable ages from
these sediments.

We report a study designed to address the challenge of dating
mangrove sediments by '*C AMS dating different size fractions of
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Figure 1. (a) Map showing the location of Zanzibar (Unguja) off the coast of Tanzania, (b) the position of Makoba Bay on the island of Zanzibar,

(c) and (d) position of the sample cores in Makoba Bay.

organic matter extracted from material of mid- and late Holocene
age collected from Zanzibar (Unguja), Tanzania. Pollen records
from the study site show vertical trends that are ecologically sen-
sible, stratigraphically coherent and apparently unaffected by sig-
nificant bioturbation, yet bulk '*C AMS ages on organic-rich sand
and silt-rich mangrove deposits record age reversals that limit
their utility for sea-level studies (Punwong et al., 2013b). Here,
we date the 10-63 um organic size fraction to produce nine “C
AMS ages from two cores which previously had age reversals
based on bulk AMS dates. We select this size fraction to exclude
large organic fragments which are one potential source of young
carbon, and also to increase the concentration of pollen in the
samples. The results demonstrate more coherent age—depth rela-
tionships than by dating bulk sediments and enable us to compare
resulting broad relative sea-level (RSL) reconstructions from this
site with two GIA model predictions. Our study shows that '“C
AMS dating of the 10-63 um organic size fraction from man-
groves on Zanzibar provides good chronological control for
reconstructing RSL change and ecosystem dynamics in this, and
potentially other, mangrove environments.

Mangroves and RSL change

Mangroves are common on low latitude, tropical coasts and com-
prise physiologically adapted evergreen trees and shrubs that
grow in the intertidal zone (Duke, 1992; Hogarth, 1999). They
tolerate a salinity range that varies between fully marine water

(35%o) in the lowest intertidal area to freshwater in upstream riv-
ers (Smith, 1992), depending on the gradient of the flood tide and
freshwater runoff (Ball et al., 1988; Hogarth, 1999; Krauss et al.,
2008). Their underlying sediments have the potential to provide
important information on past vegetation change (Blasco et al.,
1996; Woodroffe, 1990; Wooller et al., 2007) and, by inference,
changes in RSL (e.g. Ellison, 1989, 2005; Engelhart et al., 2007;
Horton et al., 2005; Woodroffe, 2009).

Previous work and study area

Our study site is Makoba Bay on the island of Zanzibar (Unguja),
40km off the coast of Tanzania in the southwest Indian Ocean
(Figure 1). The island sits within the 200 m isobath on the East
African continental shelf (Arthurton et al., 1999). Previous stud-
ies from coastal locations in east and southeast Africa suggest
RSL rose rapidly during the early Holocene in this region, reach-
ing present by the mid-Holocene and rising to a highstand of +2.5
to +3 m above present mean sea level by 6000 cal. yr BP, before
falling to present in the late Holocene (Compton, 2001, 2006;
Jaritz et al., 1977; Katupotha, 1994; Norstrom et al., 2012; Ram-
say and Cooper, 2002). The amplitude and timing of the RSL
highstand is not well resolved in this region because of the large
distances between field locations and the differing precision of
the indicators used (Compton, 2001; Jaritz et al., 1977; Ramsay
and Cooper, 2002). In contrast to these continental margin
records, coral and sediment data from offshore coral, volcanic and

Downloaded from hol.sagepub.com at PENNSYLVANIA STATE UNIV on May 17, 2016


http://hol.sagepub.com/

Woodroffe et al.

granitic islands in the southwest Indian Ocean suggest RSL only
rose to close to present by c. 3000-2500 cal. yr BP with no mid-
or late Holocene highstand (Braithwaite et al., 2000; Camoin
et al., 1997, 2004; Woodroffe, in preparation; Zinke et al., 2003,
2005). This difference in the amplitude and timing of RSL
changes may be because of the effects of hydro-isostatic loading
and the associated ‘continental levering’ of the main African mar-
gin during the late Holocene, which was not experienced by off-
shore islands that have narrow or no surrounding continental
shelves and which, for this reason, are more reliable locations
from where to reconstruct eustasy during the mid- and late
Holocene (Milne and Mitrovica, 2008).

The nature of mid- to late Holocene sea-level changes along
the main East African margin after the initial peak of the high-
stand is also not well resolved. Studies which compare RSL data
from sites up to ~1500km apart along east and southweatern
coasts often record multiple RSL fluctuations of up to +2m
above present since ¢. 6000 cal. yr BP (Compton, 2001, 2006;
Katupotha, 1994; Norstrom et al., 2012; Ramsay and Cooper,
2002). The driving mechanisms for these fluctuations are not
known and may reflect local interactions between sediment accu-
mulation and inundation during stable or slowly falling RSL (e.g.
Woodroffe et al., 1985). An alternative explanation is that these
fluctuations are an artefact of the methods and materials used in
reconstructing past RSL as opposed to real changes in sea level.
A general paucity of mid- and late Holocene RSL data from the
east coast of Africa reflects in part difficulties in obtaining RSL
information from tropical coastal environments, including man-
groves which are extensive along this coastline yet difficult to
reliably date.

Punwong et al. (2013b) detail previous litho- and biostrati-
graphic data from the Makoba Bay mangroves. Makoba Bay is a
large macrotidal inlet to the northwest of Zanzibar with a tidal
range of 4.3 m from lowest to highest astronomical tide (LAT and
HAT; Admiralty Tide Tables, 2009). The upper intertidal areas are
dissected by shallow tidal creeks and are vegetated by mature
mangrove communities. The mangroves are broadly zoned with
respect to elevation, with Ceriops tagal to the landward margins
of main embayment, Rhizophora mucronata bordering tidal
creeks within the mangrove belt and Sonneratia alba to the sea-
ward. Seaward of the lowest mangroves are unvegetated tidal
flats. Three sample cores of mangrove sediment were taken along
a transect perpendicular to the coast, from the easterly (seaward)
margin of the mangrove (core top elevation=0.60m MTL,
AMAK-1), from within the mangrove belt close to a tidal creek
(core top elevation=0.45m MTL, BMAK-1) and from the land-
ward, westerly margin of the mangrove belt (core top eleva-
tion=1.51m MTL, CMAK-1; Figure 1). The pollen content and
chronologies provided by bulk *C AMS dates from these three
cores are shown in Figure 2 (see also Punwong et al., 2013b).

The lithologies of the two most seaward and lowest elevation
cores (AMAK-1 and BMAK-1) comprise a lower unit of grey silt
and sand which grade upwards into an organic sand that is overlain
by mangrove peat containing woody roots and fine sand. The peat
in each core is capped by a thin (<0.2m thick) unit of sand that
extends to the present surface. The pollen stratigraphies are domi-
nated by Bruguiera/Ceriops, Rhizophora mucronata and Sonnera-
tia alba, with lesser frequencies of Avicennia marina (Figure 2a
and b). The stratigraphy of the most landward core (CMAK-1)
comprises silt and sand at the base, which grade into an organic
sand and then a sand towards the surface, with no intervening
mangrove peat horizon (Figure 2c¢). Pollen was counted for only
the top 1 m of this core and is dominated by Rhizophora mucro-
nata, Bruguiera/Ceriops and Sonneratia alba (Figure 2c¢).

The basal sand and silt horizon in all three cores is dominated
by Rhizophora mucronata pollen. Rhizophora spp. produce pol-
len in large quantities which is wind dispersed (Grindrod, 1985;

Hogarth, 2007). This likely explains its predominance throughout
the sequence in all three fossil cores. Bruguiera/Ceriops and Avi-
cennia marina pollen are also found in the basal sand and silt-rich
sediments. Pollen from these mangrove species are not produced
in such large numbers and are animal-dispersed (Hogarth, 2007),
suggesting that mangrove was present on the site at the start of the
sedimentary record in all three cores.

We have divided the pollen assemblages in each core into a
series of zones which are present in part across all three cores.
There is a basal Rhizophora-dominated assemblage (Zone 1) in
BMAK-1, above which there is an assemblage also dominated by
Rhizophora, but with a significant component of Sonneratia alba
pollen in BMAK-1 and AMAK-1 (Zone 2). This returns to a
Rhizophora-dominated assemblage up-core (Zone 3) followed by
a small but significant increase in grasses and sedges towards the
surface (Zone 4; Figure 2). The transition in the top c. 20 cm of the
cores to sand may record a recent erosional surface, although in
each core it contains mangrove pollen which conforms to the
general trends in biostratigraphy. These changes in pollen assem-
blages up-core reflect vegetation changes that have been described
from various locations around the Indo-west Pacific (Murray-
Wallace and Woodroffe, 2014; Woodroffe, 1988a, 1990; Wood-
roffe et al., 1985).

Elsewhere in the Indo-west Pacific, a similar vegetation
succession has been interpreted as being formed under an initial
transgressive sequence caused by rising RSL (Zone 1) followed
by a regressive sequence (Zones 2—4) associated with RSL fall or
stability, where continuing sedimentation and mangrove succes-
sion choke out the mangrove swamp and allow the development
of back-swamp grassland environments (Zone 4; Murray-Wallace
and Woodroffe, 2014; Woodroffe, 1990; Woodroffe et al., 1985).
Based on this model, Woodroffe et al. (1985) suggest that a peak
in Sonneratia pollen seen in many mid-Holocene mangrove
deposits should coincide with RSL reaching close to present for
the first time during the Holocene. This is associated with man-
grove expansion during the ‘big swamp phase’ seen in the South
Alligator River and other estuaries in northern Australia and
southeast Asia as RSL rise slowed during the mid-Holocene
(Woodroffe, 1988a; Woodroffe et al., 1985).

Methods
4C AMS dating

The base of each core, the main stratigraphic boundaries and two
within-unit levels were dated using bulk “C AMS (Punwong
etal.,2013; Table 1). These dates suggest that the deposits formed
from the mid-Holocene onwards, but there are several age rever-
sals (especially in BMAK-1 and CMAK-1) that make past RSL
reconstruction difficult (Figure 2).

The original bulk sediment samples contained a mixture of
wood fragments, organic remains and charcoal (Punwong et al.,
2013b). For this study, we target eight levels adjacent to those
previously sampled for bulk “C AMS ages from cores AMAK-1
and BMAK-1 and a further near-surface level (3cm deep in
AMAK-1) for AMS #C dating (Figure 2). We could not re-sam-
ple the exact same core depths that were used for bulk “C AMS
analysis because the sediment samples had been removed for pre-
vious analyses, but in all cases, we re-sampled within 4 cm of the
original levels (Table 1).

We created an organic concentrate by firstly mixing the sedi-
ment with four times the sample volume of a mix of Na,P,0,/
NaOH to deflocculate any clays present within the sample, heated
for 15 min in a water bath at 60°C and then centrifuged and removed
the supernatant liquid. To remove carbonate material within the
sample, we added 10% HCI to the sediment, heated to 85°C while
stirring and then rinsed. Samples were then passed through 90, 63
and 10pm sieves. We examined the different sample fractions
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Figure 2. Pollen diagrams from (a) AMAK-1, (b) BMAK-1 and (c) CMAK-I, showing core lithology, loss on ignition and the calibrated two
sigma age ranges from bulk sediment and organic concentrate '“C AMS dates (see Punwong et al., 2013b). Only species greater than 5% of the
total pollen sum are shown.

under a light-transmitted microscope and chose the 10—63 um The dating of small organic size fractions has been previously
fraction for dating to avoid large organic fragments that are one identified as a way of concentrating pollen by excluding larger
potential source of young carbon in mangrove sediment and and smaller organic material (Li et al., 2014). However, in our
because this fraction included mangrove pollen that is the material case, the amount of pollen in the samples was very low (the pol-
used for palacoenvironmental reconstruction (Figure 3). len-based RSL reconstructions are based on counts of 150 grains;
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Figure 3. Photographs of three different sized sediment fractions in samples AMAK- -3 and BMAK-1-195.These are representative of the
type of material found at each sampled horizon in the cores.The scale bar on each is 100 um.The dated sample in each case is the 10-63 pm
fraction. The 63—90 pm fraction is dominated by inorganic particles and occasional pieces of plant material. The 10-63 pm fraction contains
occasional pollen and smaller organic and inorganic material. The <10 um fraction consists of a fine organic residue.

Punwong et al., 2013b). Therefore, the 10—-63 um fraction com-
prises sediment that is dominated by fine organic residue includ-
ing pollen, rather than concentrated pollen only.

The organic concentrates were prepared to graphite at the
NERC Radiocarbon Facility and analysed at the SUERC AMS
Laboratory in East Kilbride. The §'3C values were measured on a
dual inlet stable isotope mass spectrometer (Thermo Fisher Delta V)
and are representative of 8'3C in the original, pre-treated sample
material. As part of this study, three process standards of known
14C age and a background material (bituminous coal), which had
undergone the same preparation process as the samples, were also
analysed to identify any contamination by younger or older car-
bon. All dates are calibrated using the southern hemisphere cali-
bration SHCall3 curve (Hogg et al., 2013) using the software
OxCal v4.10 (Bronk Ramsey, 2009).

We reconstruct RSL at this location using two different meth-
ods. The first approach uses the vertical range of modern man-
groves at Makoba Bay from MTL to MHWST as an indicative
meaning for the fossil mangrove sediments. In the results, the
mid-point in the modern distribution is plotted with the elevation
error terms as the upper and lower limit of modern mangrove
distribution. The second method is purely qualitative and

compares the pollen stratigraphy in the cores with those from
other Indo-west Pacific locations that record mid-Holocene RSL
rise followed by RSL stability or slow fall during the mid- to late
Holocene (Grindrod, 1988; Woodroffe, 1990; Woodroffe et al.,
1985). This enables broad interpretation of RSL changes but not
quantitative reconstructions.

Results

Dating

The new radiocarbon dates range from the mid- to late Holocene
(Table 1). The processed standards are within the 2o confidence
limits of expected values, and the background sample is in good
agreement with the range of values previously obtained at the
NERC Radiocarbon Facility (Table 1). We are confident that the
preparation procedure has not introduced contamination into the
samples.

Comparison of bulk and organic concentrate '*C ages

We now compare the results from the existing bulk '*C dates with
the new organic concentrate samples from each core in turn. In
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AMAK-1, a replicate pair of organic concentrate ages from 3 cm
depth (AMAK-1-3) within the surface sandy layer yielded ages of
AD 1957-1958 or AD 1998/2000-2003/2006. Two other organic
concentrate ages from this core (AMAK-1-98 and AMAK-1-212)
are each slightly older than the bulk ages 1-2 cm deeper, and their
calibrated 2c age errors do not overlap (Table 1, Figure 4a).

The bulk '“C AMS chronology from BMAK-1 contains sig-
nificant age reversals; an age of c¢. 300 cal. yr BP at 195 cm depth
is overlain by material dating to c. 1500 and 3200 cal. yr BP at
158 and 96 cm, respectively (Figure 4b). Our organic concentrate
ages provide a different but plausible chronology that is in
sequence (Table 1). The paired bulk and organic concentrate ages
on the two deepest samples (396394 cm and 321-320 cm) agree,
with their 2¢ errors overlapping (Figure 4b). Different sized
organic material has the same age in this part of the core. How-
ever, higher up the core where the organic content increases, there
are significant, but not consistent, age differences between the
two sample types. The largest discrepancy is at 196-195cm
(BMAK-1-195) where a bulk sediment sample yields a very
young age and an organic concentrate sample an age of c. 4400
cal. yr BP. None of the other bulk samples from this core yield
such a young age, so it is likely that this particular sample includes
recent mangrove roots (which are not present in the 10—63 um
organic fraction). The uppermost three samples in BMAK-1 all
show differences between the organic concentrate and bulk ages
of between c. 1200 and 1600 cal. yr; in two cases, the organic
concentrate ages are c. 1500 cal. yr older than the equivalent bulk
ages (Table 1, Figure 4b).

8!3C variations between bulk and organic
concentrate samples

The measured 8'3C values of the dated bulk and organic con-
centrate samples show that the concentrate samples have more con-
sistent 813C values and by inference sample fewer environments
with different $'3C values than the bulk samples (Table 1, Figure 5).
The majority of bulk samples have more negative 8'3C values

than their corresponding concentrate samples, and there is a ten-
dency towards more negative 8'3C values in the younger bulk
samples where the organic content of the sample cores is highest.
The 8'3C value of the anomalously young bulk age at BMAK-1-
195 described above is not significantly different to those from
other samples in the same horizon. The 6'3C value of this bulk
sample does not indicate why it should have an anomalously
young age.

Discussion

A comparison of bulk and organic concentrate '“C
AMS ages and §'3C values

In all but one case, the organic concentrates from AMAK-1 and
BMAK-1 are older than their equivalent bulk *C ages (Table
1). This implies that the bulk samples are primarily contami-
nated by young carbon that has been introduced to depth in the
relevant profiles, which is sourced in the <10 or >63 pm size
range. This is consistent with the hypothesis that younger
mangrove roots penetrate older sediment and become incorpo-
rated into the sediment over time (Schofield, 1977; Smith and
Coleman, 1967; Woodroffe, 1981, 1988b, 1990). The 3'3C values
of the samples provide us further insight into the sources of
carbon in the dated materials (Table 1 and Figure 5). A recent
compilation of literature on measured 6!3C values from studies
across the tropics on mangrove leaves shows a median §'3C
value of —28.0 with a 25-75% range from —29.4 to —27.0, based
on 495 measurements (Bouillon et al., 2008). In mangroves in
Puerto Rico, leaves have more negative 3!3C values than stems
and pneumatophores (Vane et al., 2013). The bulk samples
from the most organic sections of cores AMAK-1 and BMAK-1
have §13C values within the range of the values for mangrove
leaves while 8'3C values for the corresponding concentrate
samples are less negative, but still within the range of C, plants
(Figure 5). This is similar to the observations of Vane et al.
(2013) who record less negative 8'*C values for mangrove
sediments than for mangrove plant tissues.
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Overall, the more negative 8!3C values of the bulk samples
(—25.4%o0 to —33%o, Figure 5) compared with the concentrates
(—24.3%o0 to —27%o, Figure 5) suggests that organic material, prob-
ably derived from younger mangrove plant tissues, is present in
the bulk samples but not in the concentrates and is responsible for
the younger ages of the bulk samples.

The one exception to this pattern is the bulk sample from the
base of the organic-rich mangrove deposit in BMAK-1 (BMAK-
1-97), which is older than the adjacent organic concentrate sam-
ple. The 8'3C values for the bulk and concentrate samples from
this horizon are outside of the range of values for modern man-
grove leaves (—26.6 (bulk) and —26.4 (concentrate)), and there-
fore, this bulk age is likely not affected by younger mangrove
material. The most likely explanation here is that there is reworked
old carbon included in this bulk sample, probably derived from
catchment inwash since the §'3C value suggests that this carbon is
still from a non-marine environment (Figure 5, Table 1).

Bioturbation by burrowing animals is a widely recognized
process in mangrove environments (Grindrod and Rhodes, 1984;
Hogarth, 2007; Hutchings and Saenger, 1987). We might expect
the concentrate ages to be both older and younger than the bulk
ages if bioturbation by burrowing animals was causing significant
sediment mixing, as this would bring older carbon nearer to the
surface as well as younger carbon to depth in the sediment col-
umn. It is difficult to test this hypothesis with our samples because
the 10—-63 um fraction may be preferentially dominated by old
carbon. However, it is unlikely that the 10—63 pm fraction would
be the only source of old carbon if burrowing animals were caus-
ing significant sediment mixing.

The pollen stratigraphy for the two cores shows no evidence
for significant reworking. This is also the case in many other
studies of Holocene mangrove pollen from the Indo-west Pacific
region (Ellison, 1989; Engelhart et al., 2007; Grindrod and
Rhodes, 1984; Woodroffe et al., 1985). However, our sampling
resolution means we cannot wholly dismiss the influence of bio-
turbation by burrowing animals. Fiddler crabs (Uca spp.), that
are present today in large numbers across the upper intertidal
environment at Makoba Bay, typically burrow to depths of less
than 30 cm (Qureshi and Saher, 2012). Based on our near-surface
pollen concentrate date in BMAK-1, this suggests a potential
mixing zone equivalent to 100—150 years in mangrove sediments
which are continually accreting. If sedimentation rates were
slower in the past because of RSL stability or fall for instance,
this zone would have a longer duration and vice versa. Over mid-
to late Holocene timescales, despite the fact that RSL was close
to present, the mixing zone is unlikely to be identified in pollen
analyses or organic concentrate '“C ages because of the coarse-
ness of our sampling intervals. However it has the potential to

introduce centennial and decimeter-scale errors in ages which
may propagate into any pollen-based RSL reconstructions.

A new chronology for mangrove development and
RSL changes on Zanzibar

The new organic concentrate ages provide an improved chronol-
ogy for mangrove and RSL change over the past c. 7900 cal. yr at
Makoba Bay. The analysed sediment cores range from 1.8 to 4m
in length and are organic-rich. They are therefore likely to have
undergone post-depositional compaction. Using a vertical range
of modern mangroves to reconstruct RSL suggests continual late
Holocene RSL rise, but with large vertical uncertainties (Figure 6
and Table 1). This may seem surprising given Zanzibar’s proxim-
ity to the main East African coastline, where mid- to late Holo-
cene sea-level highstands are recorded up to +2.5 to +3m above
present (Compton, 2001; Jaritz et al., 1977; Katupotha, 1994;
Norstrom et al., 2012; Ramsay and Cooper, 2002). Because we
cannot quantify and correct for post-depositional compaction of
the sediments from Makoba Bay, we are not confident that the
quantitative reconstructions in Figure 6 accurately reflect chang-
ing RSL at this site during the mid- to late Holocene. Instead, we
only make broad inferences about RSL based on the pollen data
and new organic concentrate ages compared with changes in pol-
len assemblages found across the Indo-west Pacific region during
the mid- to late Holocene (Figure 6). These broad inferences sug-
gest that RSL was close to or above present during the mid- and
late Holocene. We are unable to resolve whether the discrepancy
between the two reconstructions is predominantly because of
post-depositional compaction or other factors.

Mangrove sediments and their associated pollen are relatively
good sea-level indicators during periods of rapid RSL rise, when
waterlogging creates environments for mangroves to develop on
formerly dryland surfaces where sediment bulk density is high
and compaction is low (Murray-Wallace and Woodroffe, 2014).
At Makoba Bay, these conditions existed around 7900 cal. yr BP,
with the base of BMAK-1 recording a mangrove assemblage
dominated by Rhizophora mucronata in a sand and silt substrate,
when RSL first rose to within —3.5m of present (Zone 1 in Fig-
ures 2 and 6). A comparable basal Rhizophora-dominated man-
grove assemblage is also seen in cores from Unguja Ukuu, 50km
from Makoba Bay on the southwest coast of Zanzibar, where it is
dated to around 7000 cal. yr BP (Punwong et al., 2013a). This
level is our most robust sea-level indicator from the mid-Holo-
cene because of the limited compaction at the core base. A subse-
quent peak in Somneratia alba pollen in BMAK-1 above this
horizon dates to c. 7000 cal. yr BP, with raised percentages of
Sonneratia alba pollen between 7500 and 4400 cal. yr BP at
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Figure 6. (a) RSL reconstructions from Makoba Bay using the modern elevation range of mangrove vegetation, % Sonneratia alba data from
core BMAK-1 and RSL predictions from the EUST3 geophysical model (dark grey shading indicates the likely envelope of RSL change predicted
by a series of geophysical model runs which sample a range of earth viscosity and lithospheric thickness parameters from lithosphere thickness
71-120km, upper mantle viscosity between 0.1 X 102! and 102! Pa S and lower mantle viscosity between 102! and 5 x |022Pa S). (b) RSL
reconstructions and % Sonneratia alba data as before with RSL predictions from the ICE-5G geophysical model (dark grey shading indicates the
likely envelope of RSL change predicted by the same series of model runs as in (a)) (Bradley et al., 201 |; Peltier, 2004).

RSL: relative sea level.

Makoba Bay (Zone 2 in Figures 2 and 6). As in many mangrove ridge plains must have formed when RSL was close to or above
pollen records from the Indo-west Pacific region, we interpret the present during the mid- and/or late Holocene, and when there was
peak in Sonneratia alba as representing when RSL slowed as it an abundant supply of sediment and accommodation space on the
first came close to present, representing the ‘big swamp phase’ of fringing platform, potentially under slowly falling RSL following
Woodroffe et al. (1985). Between c¢. 4000 cal. yr BP and present, a RSL highstand. We note that beach ridges can develop under
the palynological evidence at Makoba Bay differs between cores, falling, stable or even rising sea level depending on available
but a small increase in grassland pollen in both AMAK-1 and sediment supply, but the geomorphology, combined with the bio-
BMAK-1 suggests an increase in back-swamp environments stratigraphic changes recorded in our sediment cores, is sugges-
under stable or slowly falling RSL (Zones 3 and 4 in Figure 2). A tive of either RSL stability or slow fall during the mid- to late
comparable small increase in grassland pollen in the late Holo- Holocene. It is significant here that mangroves do not readily pre-
cene is also seen at Unguja Ukuu (Punwong et al., 2013a). serve evidence of falling RSL. This is because in tropical environ-

Accommodation space for sediment accretion would have been ments, former intertidal sediments which are no longer tidally
limited in the late Holocene as RSL was close to present, and near- flooded will oxidize and degrade over time (Murray-Wallace and
surface sediments are more likely to be mixed as they would have Woodroffe, 2014). For this reason, it is possible that upper inter-
lain within the reach of burrowing animals for several thousand tidal mangroves which may have formed under higher than pres-
years. The pollen zones at Makoba Bay agree closely with the ent sea level have been eroded since the mid-Holocene. In this
model of mid- to late Holocene mangrove development during the respect, we note also that the pollen zones in the cores from
initial RSL rise, RSL slow down and stability or RSL fall which is Makoba Bay are characteristic of both RSL stability and high-
observed elsewhere in the Indo-west Pacific region (Grindrod, stand situations in the mid- to late Holocene (Woodrofte, 1988a).
1988; Woodrofte, 1988a, 1990; Woodroffe et al., 1985). The wide distribution of mangrove pollen from different spe-

cies across modern mangrove environments means that within-
mangrove elevation changes are not readily reconstructed in the

The mid-Holocene highstand fossil record (Punwong et al., 2013b). However, it is interesting to
The timing of RSL first reaching close to present and the timing note that the highest organic carbon values are found in the top
and amplitude of a mid-Holocene highstand on the East coast of ~I m of AMAK-1 and BMAK-1 at Makoba Bay, which is dated to
Africa are not well resolved, partly because of the large distances after c. 2900 cal. yr BP when RSL was likely stable or slowly fall-
between field sites and the varied RSL reconstruction methods ing. It is possible that compaction of the lower part of the sequence
used. However, most researchers agree that RSL was up to 2.5— allowed renewed mangrove growth during this phase, which coin-
3m above present by 6000 cal. yr BP on the main coast, first ris- cides with a small second peak in Sonneratia alba at similar lev-
ing above present sometime before this (Compton, 2001; Jaritz els in the two cores (Figure 2), and is also seen at Unguja Ukuu to
et al., 1977; Katupotha, 1994; Norstrom et al., 2012; Ramsay and the southeast of the island (Punwong et al., 2013a).

Cooper, 2002). The coastal geomorphology of Zanzibar is domi- The evidence from this study suggests RSL rose rapidly to
nated by fringing platforms and undercut cliffs 2—-3 m above mod- reach present c. 7900 cal. yr BP, after which RSL slowed as
ern MHWST. Arthurton et al. (1999) interpret these as interglacial recorded by a peak in Sonneratia alba pollen at Makoba Bay (c.
marine deposits dating from Marine Isotope Stage 5Se, although 7500-4400 cal. yr BP). This pattern agrees broadly with regional
dating evidence is limited. Seaward of these cliffs are beach ridge evidence from the main coast of East Africa of a mid- to late
plains which extend up to 500m inland from the backshore and Holocene RSL highstand followed by a late Holocene RSL fall.
are interpreted as being mid- to late Holocene in age (Arthurton However, despite improving the chronology of the sample cores
et al.,, 1999). If this interpretation is correct, then these beach by dating the fine organic fraction of these mangrove deposits, we
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cannot quantitatively reconstruct the height of any mid- to late
Holocene highstand because of the unknown effects of post-
depositional compaction and the poor vertical resolution of man-
grove pollen as a sea-level indicator in the macrotidal environment
of Makoba Bay.

Comparison to geophysical model predictions for
Zanzibar

RSL data from far-field locations such as Zanzibar can provide
constraints on the magnitude and timing of mid- and late Holo-
cene ice sheet melt, as well as on the effects of continental lever-
ing caused by water loading of continental shelves, equatorial
siphoning whereby ocean water is redistributed to the collapsing
forebulges of the former ice sheets and changes in earth rotation
associated with mass transfer between ice sheets and the ocean
(Milne and Mitrovica, 2008).

We compare our new broad estimates of mid- to late Holo-
cene RSL with modelled RSL curves developed from the GIA
models ICE-5G and EUST3 (Bradley et al., 2011; Peltier, 2004)
for both our field site on Zanzibar and the location of the nearest
Holocene RSL reconstruction on the main East African continen-
tal margin (Macassa Bay, Mozambique (Figure 1, data not
shown); Norstrom et al., 2012). ICE-5G assumes that global ice
melt ceased c. 4000 cal. yr BP, with 4m of ice-equivalent sea-
level rise between 7000 and 4000 cal. yr BP, while EUST3 has a
longer global ice melting tail in the late Holocene which equates
to 6m ice-equivalent sea-level rise between 7000 and 2000 cal.
yr BP. The details of the earth model parameters used in the GIA
model runs are found in the caption for Figure 6.

Because of the poor vertical precision of the mangrove-based
reconstructions from Makoba Bay, it is not possible to conclu-
sively rule in or out a highstand, or indeed the potential magnitude
of any highstand in this study. It is interesting to note, however,
that within the range of ICE-5G and EUST3 model predictions,
the majority of solutions include a RSL highstand, of up to c.
2.5m for ICE-5G and c. 1.2m for EUST3 (Figure 6). Despite the
lack of sedimentary evidence to rule in or out at highstand, we
can, however, compare the timing of the reconstructed mid-Holo-
cene RSL rise and RSL slow down at Makoba Bay with the model
predictions for the same location. The timing of RSL stability by
around 7000 cal. yr BP (BMAK-1) and certainly before 6000 cal.
yr BP (AMAK-1) as recorded by peaks in Sonneratia alba pollen
is in broad agreement with the timing of RSL slow down pre-
dicted by ICE-5G (Figure 6b). By contrast, the maximum high-
stand in the EUST3 predictions comes later (c. 5000 cal. yr BP,
Figure 6a) during the latter part of the Sonneratia peak. However,
a peak in Sonneratia is only a broad indicator of RSL stability,
and therefore, we cannot rule out the possibility that the EUST3
predictions also fit the available data. Our interpretation of a slow
RSL fall or RSL stability from c. 4400 cal. yr BP onwards is in
agreement with both the ICE-5G and EUST3 predictions. Over-
all, from the observational data available at Makoba Bay, we are
not able to differentiate between the two different global ice sheet
melt scenarios presented in ICE-5G and EUST3.

RSL predictions for Macassa Bay in Mozambique, on the
main East African continental margin, show a similar magnitude
maximum highstand elevation to those produced for Makoba Bay
(c. 2.6m for ICE-5G and c. 1.5m for EUST3 at Macassa Bay
(data not shown) compared with 2.5m for ICE-5G and c. 1.2m
for EUST3 at Makoba Bay). Observational evidence suggests that
there was a mid- to late Holocene highstand in this location, but
its magnitude is not well constrained (Norstrom et al., 2012).
Comparison between predicted highstand elevations at the
East African continental margin and Zanzibar suggests that the
location of Zanzibar, only 40 km offshore from the main coast of
Tanzania, is not sufficiently distant from the continental margin to

be differentially affected by continental levering through the
Holocene. In other locations, such as the central Great Barrier
Reef shelf of Australia, lower magnitude highstands are predicted
with increasing distance from the continental margin (Nakada and
Lambeck, 1989). This modelling adds further weight to the argu-
ment that a lack of evidence for a highstand in the sediments from
Makoba Bay is probably because of compaction and/or oxidiza-
tion and degradation of the mangrove sediments over time and not
because RSL was continually rising through the mid- to late
Holocene in this location.

Conclusion

The results of this study demonstrate that the “C AMS dating of
organic concentrates from mangrove environments is a poten-
tially important new way of developing chronologies of RSL
change from tropical mangrove settings in Zanzibar and other
tropical locations where mangroves exist. Our conclusions are as
follows:

1. 1#C AMS dates of bulk mangrove sediment are often unre-
liable for reconstructing RSL because the sediment con-
tains mixtures of carbon from different sources, which
may include material not representative of the timing of
deposition of the layer being dated.

2. Previously published bulk sediment '“C ages from Makoba
Bay (Zanzibar) suggest mangrove sediment accumulated
from c. 7900 cal. yr BP onwards. However, bulk sediment
age—depth profiles contain inversions and are not useable
for RSL reconstruction.

3. AMS C dates on organic concentrates (10-63 um) from
the same sample cores provide a more coherent sequence
of ages compared with those developed from bulk sedi-
ments, with additional information on the sources of car-
bon in the sediments being provided by §'3C data.

4. The new ages are generally older than the bulk equivalents
and provide a more continuous spread of data across the
mid- and late Holocene.

5. RSL reached within —3.5m of present by c. 7900 cal. yr
BP, continued to rise and reached present at or after c. 7000
cal. yr BP. We are unable to reconstruct whether RSL rose
above present in the mid-Holocene, or the height of any
RSL highstand from our data because of the effects of
post-depositional compaction and the broad vertical range
of different mangrove species.

6. The broad ecological changes recorded by the pollen data
accord with previous studies of mangrove dynamics in
locations within the Indo-west Pacific that have experi-
enced a period of rapid RSL rise in the mid-Holocene, fol-
lowed by RSL slow down and either stability or slow RSL
fall in the late Holocene.

7. Our most reliable RSL data are from the core bases, where
compaction is least significant. The timing of the mid-
Holocene RSL slow down and stability or highstand peak
agrees most closely to predictions of the ICE-5G geophysi-
cal model, which includes 4m of ice-equivalent sea-level
rise between 7000 and 4000 cal. yr BP. However, we cannot
totally rule out the alternative EUST3 geophysical model
melt history, which includes a larger late Holocene melt-
ing tail. All of the ICE-5G and most of the EUST3 mod-
elled RSL curves for Makoba Bay include a highstand, and
it is very likely that the sediments have been compacted
or degraded over time, which means they fail to record a
mid- to late Holocene sea-level highstand in this location.

8. The new approach presented here has the potential to pro-
vide improved chronologies with which to interpret sea-
level data from other mangrove environments.
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