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Palynologists interested in better understanding the sedimentation and energy of depositional environments have
often included studies of palynomaceral fragments, particularly when performing palynofacies analyses. Due to the
difficult nature of classifying these fragments, researchers have developed numerous, often overlapping,
classification schemes. These different schemes make it difficult to compare and contrast between research projects.
Determining the appropriate scheme to apply when counting these fragments can be confusing, and application of
these schemes can yield inconclusive results, especially when sedimentation and energy are in constant flux. A
scheme of five categories, including brown wood (palynomaceral 1�2), leaf cuticle (palynomaceral 3), black debris
(palynomaceral 4), structureless organic matter (SOM) and resin, is utilised here. It is applied to the analysis of 64
modern samples from the top 0�4 cm of sediment collected throughout the Gulf of Papua, Papua New Guinea.
These samples span a suite of common marine depositional environments: river mouths and deltas, the proximal
portion of the continental shelf dominated by a large clinoform, and turbidite and hemipelagic/pelagic deposits on
the slope and in the deep ocean basin. Principal component analysis (PCA) confirms this simplified classification
scheme provides an indirect means of assessing distance from shore and shelf-slope break, overall water depth and
sediment accumulation rate, but other factors, such as processing technique, marine productivity, sediment source,
time in transport and residence and bioturbation, are taken into account to fully explain distribution.

Keywords: Gulf of Papua; Quaternary; palynomacerals; principal component analysis (PCA); southeast Asia;
tropics; sedimentation

1. Introduction

Palynofacies and palynomaceral analysis has been

shown to provide an indirect method of assessing sedi-

mentation dynamics and energy of the environment,

and assist in palaeoenvironment interpretation (e.g.
Lorente 1990; van der Zwan 1990; Batten 1996;

Jaramillo & Oboh-Ikuenobe 1999; Ibrahim 2002;

Schiøler et al. 2002; Carvalho et al. 2006). This project

is part of the Source-to-Sink (S2S) initiative of the NSF

(National Science Foundation)-funded MARGINS

program (NSF Grant No. OCE20-25294) focused on

improving the understanding of sedimentation and

stratigraphic architecture at continental margins, specifi-
cally examining factors that control sedimentation rate,

transport and accumulation (Dickens et al. 2006). The

primary impetus behind performing palynomaceral

analysis in this study is to better understand the distri-

bution of the non-palynomorph fraction of palynologi-

cal residues and the relationship between these

fragments and environmental variables, including

bathymetry, sedimentation rate and distance from the

shore and shelf-slope break. If modern palynomaceral

recovery is governed by these factors, then these frag-

ments in pre-modern samples could inform researchers

of palaeoenvironmental conditions, including palaeoba-

thymetry and sedimentation dynamics in ancient envi-
ronments. Cores for this project were selected from 64

sites taken during multiple oceanographic cruises con-

ducted from 2003 to 2005 in the Gulf of Papua (GoP),

Papua New Guinea. Because these sites span river deltas

on the continental shelf to the abyssal plain, we believe

they effectively illustrate variations in most common

marine environments of deposition.

2. Palynomacerals

Palynomacerals and palynofacies analyses have been

used by biostratigraphers for decades to interpret
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sedimentation dynamics and depositional environ-

ments in both ancient and modern sediments (e.g.

Batten 1983; Whitaker 1984; Boulter & Riddick 1986;

Gregory & Hart 1990; Pocknall & Beggs 1990; van der
Zwan 1990; Batten 1996; Oboh-Ikuenobe et al. 1997;

Oboh-Ikuenobe et al. 1998; Jaramillo & Oboh-Ikue-

nobe 1999; Courtinat et al. 2002; Ibrahim 2002;

Schiøler et al. 2002; Roncaglia 2004; Roncaglia &

Kuijpers 2004; Carvalho et al. 2006; Pross et al. 2006;

Zobaa et al. 2008; Skupien & Mohamed 2008; Schiøler

et al. 2010). As mentioned above, our study strictly

focuses on the modern component of the palynomac-
eral record in order to better our understanding of the

distribution of present palynomacerals in the modern

Gulf of Papua. Despite the widespread use of palyno-

macerals, explaining this component of the sedimen-

tary record can be complicated and counterintuitive

due to multiple classification schemes and various

processing techniques (Tyson 1995). A precise modern

characterisation is fundamental if we want to use paly-
nomacerals from ancient settings as palaeoenviron-

mental proxies.

2.1 Terminology

The term ‘maceral’, first proposed by Stopes (1935),

originates from the field of organic petrology where it

is used to classify the organic particles comprising coals
(Crelling & Dutcher 1980). Within organic petrology,

macerals are broken down into three broad categories:

vitrinite/huminite (derived from plant tissues and still

possessing some evidence of cellular structuring), lip-

tinite/exinite (includes the exines of pollen and spores,

as well as other palynomorphs) and inertinite (plant tis-

sues that have been highly degraded) (Tyson 1995).

Whitaker (1984) uses the term ‘palynomaceral’ to refer
to these coal maceral categories of organic particles

that can be identified in palynological preparations.

The terms vitrinite, inertinite and cutinite, while gener-

ally equivalent to the palynomacerals found in palyno-

logical preparations, cannot be used here (although

they have been used before as such, e.g. J€ager 2002),

because they are defined for reflected light microscopy

(Crelling & Dutcher 1980). In this paper, the term paly-
nomaceral is used to refer to all organic material,

including both structured and unstructured fragments,

that can be found in palynological preparations,

excluding what are traditionally thought of as palyno-

morphs (organic-walled microfossils, such as pollen,

spores, dinoflagellate cysts and acritarchs) (Tschudy

1961).

Multiple authors propose varying terminology for
what we define as palynomacerals, such as ‘phytoclasts’

(Bostick 1974), ‘palynodebris’ (Manum 1976; Habib

1979; Tyson 1984; Boulter & Riddick 1986; Pocock

et al. 1988; Mudie 1989, van Bergren et al. 1990),

‘organic debris’ (Piasecki 1980), ‘dispersed organic

matter’ (Cope 1981) and ‘kerogen’ (Brooks 1981). The

definitions of these terms vary depending on the
author, specifically whether they choose to include or

exclude palynomorphs and structureless/amorphous

organic matter. This factor makes it difficult to com-

pare and contrast among results achieved. The defini-

tion of organic matter subgroups is even more variable

among authors. For example, Boulter & Riddick

(1986) initially included 21 categories of amorphous

matter, including specks, unstructured debris, cuticle,
wood and black debris, that they subsequently grouped

into two overarching categories upon statistical analy-

sis (amorphous matter and palynowafers). In another

example, Hart et al. (1986) and Darby & Hart (1994)

proposed a classification scheme of 12 categories of

macerals depending on preservational state and bio-

logic origin. It is difficult to know which of many

schemes to use and, ultimately, which categories will
be most useful in palaeoenvironmental interpretation.

We have chosen to follow the scheme of Whitaker

(1984) and van der Zwan (1990) because of its simplic-

ity and approximation with coal petrological terms,

which are widely used in the petroleum industry to

classify palynomacerals in palynological preparations.

van der Zwan (1990) provides a synthesis of coal

maceral and palynomaceral terminology from
Whitaker (1984) and Boulter & Riddick (1986)

(Table 1). Vitrinite includes clearly observable wood

with cellular structures, cutinite includes leaf cuticle

and inertinite includes black debris that can be bladed

or equidimensional and is probably highly degraded

wood. Sporinite and liptinite include pollen and spore

exines, fungal spores and marine palynomorphs. Struc-

tureless organic matter (SOM) can be derived in situ
from organic production in the water column or from

terrestrial material. Marine SOM is roughly equivalent

to liptinite in coal maceral terms (Whitaker 1984;

Boulter & Riddick 1986; van der Zwan 1990). Other

researchers also apply modified versions of this scheme

to their analyses of palynomaceral fragments (Bryant

et al. 1988; Whitaker et al. 1992; Courtinat et al. 2002).

In this study, a modified scheme from these authors is
used to classify palynomaceral fragments (Table 1;

Plate 1).

In our study, palynomaceral 1�2 (PM1�2) is

brown wood (vitrinite) derived from land plant mate-

rial that may or may not have cellular structuring. It

can also include gel-like substances formed by the

decay of plant material in situ (van der Zwan 1990).

Resin is often included in the PM1�2 category (e.g.
Whitaker 1984; Boulter & Riddick 1986; van der Zwan

1990), but we have chosen to record it separately in

order to determine if it occurs preferentially in any one
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of the environments. Palynomaceral 3 (PM3) is leaf

cuticle (cutinite) that shows cellular structuring and,

often, stomata. Palynomaceral 4 (PM4) is black debris

(inertinite) that is highly degraded plant material and
charcoal (Whitaker 1984; Boulter & Riddick 1986; van

der Zwan 1990).

SOM is used to define all amorphous material

(amorphous organic material (AOM)) with no struc-

turing or evidence of tissue. Most SOM recovered in

this study contains pyrite nodules (Plate 1), so it is

likely derived from bacterial production in situ (Brooks

1981). Some SOM recovered in near-shore samples
lacks pyrite nodules and could be terrestrially derived

(Plate 1). Environmental factors are generally related

to the appearance of SOM/AOM in palynological

preparations (Traverse 2008). Oboh (1992) noted

AOM derived terrestrially appeared yellow and gel-

like, whereas AOM derived in the marine realm was

grey. We have chosen to combine both terrestrially and

in situ-derived SOM as one category, even though it
varies greatly in its appearance. Processing methodol-

ogy can bias pyrite recovery, and SOM particles recov-

ered in this study vary in colour from nearly clear to

brown to grey.

2.2 The need for in-depth palynomaceral analysis

This study departs from traditional palynofacies analy-

ses in that it does not include palynomorphs (pollen,
spores, dinoflagellate cysts, acritarchs, foraminifera

linings; e.g. Batten 1983; Gregory & Hart 1990;

Pocknall & Beggs 1990; van der Zwan 1990; Batten

1996; Oboh-Ikuenobe et al. 1997; Oboh-Ikuenobe

et al. 1998; Jaramillo & Oboh-Ikuenobe 1999; Courti-

nat et al. 2002; Ibrahim 2002; Schiøler et al. 2002; Ron-
caglia 2004; Roncaglia & Kuijpers 2004; Carvalho et

al. 2006; Pross et al. 2006; Zobaa et al. 2008; Skupien

& Mohamed 2008; Schiøler et al. 2010). There are two

primary reasons behind excluding palynomorphs.

First, this study’s primary goal is to provide a fully

quantitative analysis of the palynomacerals so that

future comparison with palynomorph counts is better

constrained. Most palynological consultants to the
petroleum industry only provide an estimate of the

recovery of palynomaceral fragments instead of an

actual count, and many authors only use semi-quanti-

tative estimates for these categories (Tyson 1995). In

the tropical environment studied here, this approach

would make it difficult to compare with palynomorph

counts, so a focused palynomaceral study is essential.

Second, the palynological assemblage recovered is
extremely complex and will be dealt with in a future

study.

2.3 Factors impacting modern palynomaceral recovery

A variety of factors can impact the recovery of palyno-

macerals and fragile palynomorphs in preparations

(e.g. Reid 1974; Dale 1976; Schrank 1988; Batten

1996). The terrestrial source from which they are
derived, transportation processes, organic production

in the marine realm and diagenesis after deposition

Table 1. Comparison of palynomaceral terminology used in this paper with coal maceral equivalents and palynodebris catego-
ries of Whitaker (1984), Boulter & Riddick (1986) and van der Zwan (1990). Table modified from van der Zwan (1990).

Coal macerals
(approximate
equivalents)

Palynodebris categories
This study

(palynomacerals)
Modified after Whitaker (1984) and

van der Zwan (1990)
Modified after Boulter &

Riddick (1986)

Dark structureless organic matter
(SOM)

Comminuted and
degraded debris

Structureless organic
matter (SOM)

Vitrinite
Palynomaceral 1 Brown wood, well-

preserved wood,
parenchyma

Palynomaceral 1�2
Palynomaceral 2

Cutinite Palynomaceral 3
Leaf cuticle, unstructured

plant debris Palynomaceral 3

Inertinite
Palynomaceral 4 (equidimensional

and bladed) Black debris Palynomaceral 4

Sporinite/liptinite

Pollen and spores (includes
bisaccate pollen, fungal spores

and plant spores)

Pollen and spores

Not included in this
study

Marine palynomorphs (includes
dinoflagellate cysts, acritarchs

and marine algae)

Marine palynomorphs

Structureless organic matter (SOM) Amorphous matter,
specks

Structureless organic
matter (SOM)
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play a role in governing assemblages present. Addition-

ally, palynomaceral size, shape, density and buoyancy

influence how they are transported and deposited.
Processing methodology is particularly important for

ensuring consistency within samples (Batten 1996;

Batten & Stead 2005).

Sediment source impacts the type of palynomaceral

present (Traverse 2008). A densely vegetated area is

expected to source sediments having higher percen-

tages of PM1�2 and PM3 while a sparsely vegetated

area is not. Distance from shore and time in transport
or residence also impacts palynomaceral recovery. For

example, PM4 is more buoyant than PM1�2 and

PM3, and can be transported over longer distances

(van der Zwan & van Veen 1978; Richelot & Streel

1985; van der Zwan 1990). PM1�2, PM3 and PM4 are

Plate 1. Light photomicrographs of palynomaceral categories at 600£ magnification. 1. PM1�2 (palynomaceral 1�2), brown wood,
from consultant’s processing. 2. PM3 (palynomaceral 3), leaf cuticle, from consultant’s processing. 3. PM4 (palynomaceral 4), black
debris, from consultant’s processing. 4. SOM (structureless organic matter) of terrestrial origin, probably derived from land plant mate-
rial, from consultant’s processing. 5. SOM of marine origin with pyrite nodules, derived in situ, from consultant’s processing. 6. Resin,
from consultant’s processing. 7. PM1-2, brown wood, authors’ processing. 8. PM4, black debris, from authors’ processing. 9. SOM of
terrestrial origin, from authors’ processing.
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primarily terrestrially derived, and their abundance is

predicted to decrease with increasing distance from

shore and water depth. Abundances of these three cate-

gories are expected to increase with increasing sedi-
mentation rate, as sedimentation rates are usually

higher near shore.

SOM in this study appears to be mostly of marine

origin (grey and possesses pyrite nodules) and is pre-

dicted to increase with increasing water depth and dis-

tance from shore and shelf/slope break, where burial of

marine organic matter outweighs delivery and deposi-

tion of terrestrial organic matter. SOM can also be
derived from terrestrial material (Batten 1983),

although transport of this type of SOM to far offshore

locations is unlikely. Bacterial production in the water

column creates in situ SOM/amorphous organic matter

(AOM), which can be associated with partially anaero-

bic and stagnant water bottom conditions (Demaison

& Moore 1980; van der Zwan 1990), although some

degree of oxygenation is needed for bacterial activity
(e.g. Staplin 1969; Philp et al. 1978; Batten 1983;

Batten 1996). In general, amorphous material is best

recovered in settings where the preservation potential

is high (Tyson 1993; Carvalho et al. 2006).

Many authors, including van der Zwan (1990),

Tyson (1995), Batten (1996), Oboh-Ikuenobe et al.

(1998), Jaramillo & Oboh-Ikuenobe (1999), and Batten

& Stead (2005), note the importance of processing
methodology when analysing palynomaceral assemb-

lages. Oxidation in particular can reduce the amount

of SOM found in palynological preparations, so paly-

nomaceral analysis is best performed on unoxidised

kerogen slides (Batten 1996). Processing techniques

must be carefully controlled in order to ensure uniform

representation among samples (Batten 1996; Batten &

Stead 2005). Slight oxidation can improve the identifi-
cation of palynomacerals, especially PM1�2 and PM3

(van der Zwan 1990), but this approach is not standard

for analyses of this sort. Some authors perform paly-

nofacies analysis on oxidised slides (Batten 1983;

Schiøler et al. 2002; Schiøler et al. 2010).

The composition of the palynomaceral assemblage

can inform us about sediment source, transport and

depositional processes (Batten 1996; Tyson & Follows
2000). Other factors, such as climate, could influence

palynomaceral production, but because we are focus-

ing our analysis on modern sediments, and climate is

considered to be consistent across the study area, we

predict that climate will not play a large role in palyno-

maceral content. Likewise, as the sediments are all

modern (deposited within approximately the last 100

years), we do not believe tectonic events will cause vari-
ation among palynomaceral assemblages. Four factors

should have the predominant impact on palynomaceral

distribution for the modern study area; these are water

depth, distance from shore, distance from shelf-slope

break and sediment accumulation rate. The goal of the

study is to understand how palynomaceral distribution

is influenced by these four factors in a modern setting,
and therefore better understand how to utilise palyno-

maceral assemblages to reconstruct palaeoenvironmen-

tal conditions.

3. Study area

The Gulf of Papua (GoP) is located to the southeast of

Papua New Guinea between approximately 8 and 10�S
latitude and 143 to 147�E longitude (Figure 1). Two cli-

matic seasons occur every year: a northwest monsoon

from December to March, and a southeast monsoon

from May to October. Semidiurnal tides reach a peak

spring tide of 5 m (Wolanski et al. 1995; Harris et al.

2004; Ogston et al. 2008). Mainland Papua New Guinea

and its surrounding islands, which number more than

1400, have a combined 5152 km of coastline. The com-
bined factors of high rainfall and high mountains mean

that sediment discharge into the Gulf of Papua reaches

approximately 3.84 £ 108 tons per year, one of the high-

est discharges known globally (Milliman 1995;

Wolanski et al. 1995). The distance from the shoreline

to the shelf-slope break is less than 10 km in the north-

eastern gulf, while in the northwestern and western gulf,

the distance is greater than 100 km.
Sedimentation dynamics vary greatly throughout

the Gulf of Papua (Muhammad et al. 2008) due to fac-

tors such as seasonal changes in wind direction, tidal

variations on daily/monthly timescales (Wolanski &

Alongi 1995; Ogston et al. 2008; Slingerland et al.

2008), the area of land draining into the gulf and high

sediment discharge (Wolanski et al. 1995). Deposition

of coarser sands and silts dominates nearshore loca-
tions, while offshore, finer grained muds are deposited

mainly as a hemipelagic rain (Muhammad et al. 2008).

Carbonate deposition occurs in the southwest portion

of the gulf at the northernmost extension of the Great

Barrier Reef (Tcherepanov et al. 2008). A synthesis of

the major depositional environments in the Gulf of

Papua (Walsh et al. 2004; Carson et al. 2008; Crockett

et al. 2008; Francis et al. 2008; Martin et al. 2008;
Howell et al. 2014), as well as ages of exposed geologic

formations in Papua New Guinea and northern Aus-

tralia (Steinshouer et al. 1999), is shown in Figure 2.

The sampling locations for this project span many

depositional settings, which are described below.

3.1 Nearshore sedimentation: western Gulf of Papua
clinoform

Sedimentation from numerous rivers, of which the Fly,

Bamu, Turama, Kikori, Purari, Vailala and Lakekamu

Palynology 5



Rivers are the largest (Figure 1), has resulted in the for-

mation of a late Holocene clinoform that extends off-
shore from these rivers in the western GoP (Figure 2;

Walsh et al. 2004). Understanding clinoform deposi-

tion is important, because Walsh et al. (2004) estimate

that up to 95% of the sediment budget delivered to the

GoP accumulates in the clinoform, predominantly in

less than 60 m of water depth in clinoform topset beds,

mangrove belts and river deltas. The clinoform has

three depositional regions: topset, foreset and bottom-
set. Topset beds are characterised by sedimentation

rates of approximately 0.7 cm yr¡1 with depths to top-

set beds at approximately 20 meters below sea level

(mbsl). Foreset bed sedimentation rates are much

higher, between 1.5 and 4.0 cm yr¡1, and extend from
approximately 20 to 60 mbsl. Bottomset beds have

much lower sedimentation rates of less than 0.7 cm yr¡1

and are deeper than 60 mbsl (Wolanski & Alongi 1995;

Walsh et al. 2004; Slingerland et al. 2008). Sediments

in the northeastern GoP shelf accumulate in a mud belt

due to advection and current transport (Harris et al.

1993; Harris et al. 1996; Walsh et al. 2004). Clinoform

sediments are dominated by terrestrial reworked sedi-
ments predominately sourced by the large rivers men-

tioned above (Figure 1). The bedrock geology of

western Papua New Guinea consists of uplifted

Figure 1. Sampling locations in the Gulf of Papua, Papua New Guinea.

6 M.L. Thomas et al.



terrestrial and marine sedimentary deposits of Neogene
age (Davies 2012), with lesser quantities of Neogene

volcanics and low-grade metamorphic rocks (Milliman

1995; Brunskill 2004).

3.2 Offshore sedimentation: deep ocean basin

In the northeastern GoP where the shelf is narrower,

sedimentation rates are much lower (approximately
0.2 cm/yr; Muhammad et al. 2008). Sediments accumu-

late in the deep ocean basin past the shelf-slope break

in the Ashmore, Pandora and Moresby Troughs

(Figure 2). In the southwestern GoP, accumulation

rates of siliciclastic sediments are very low due to the

current highstand of sea level and the clockwise current

that transports sediment towards the northeast. Sedi-

ments sourced from the Vailala and Lakekamu Rivers
(Figure 1) of northern and northeastern Papua New

Guinea include high proportions of igneous and meta-

morphic components derived from the Papuan

Mountains (Davies et al. 1989; Pigram et al. 1989;
Symonds et al. 1991; Norvick et al. 2001; Davies 2012).

4. Materials and methods

4.1 Sampling and environmental variables

Samples from 64 core locations were sub-sampled from

the top 0�4 cm of the core. The samples are archived at
Louisiana State University, Baton Rouge, LA, USA.,

and the University of Washington, Seattle, WA, USA.

Multi-core methodology was used to collect the 27 off-

shore samples. Kasten core and box core methodology

was used to collect 36 of the 37 near-shore samples. One

sample (C2-A11) was collected using a grab sampler.

Although it is possible that the different coring methods

used to obtain the samples could have affected the results
of this study, we are confident the impact is minimal.

Core types were included in initial statistical analyses and

did not change the results. Sample names (which are also

Figure 2. Synthesis of major Gulf of Papua depositional environments (Walsh et al. 2004; Carson et al. 2008; Crockett et al.
2008; Francis et al. 2008; Martin et al. 2008; Howell et al. 2014). AT D Ashmore Trough, AR D Ashmore Reef, EFR D Eastern
Fields Reef, cf D clinoform. Terrestrial geologic data is synthesised from Steinshouer et al. (1999). Papua New Guinea geology
abbreviations are for formation ages (J D Jurassic, JK D Jurassic�Cretaceous, K D Cretaceous, KT D Cretaceous�Tertiary,
MZ D Mesozoic, N D Neogene, NQ D Neogene�Quaternary, PZ D Paleozoic, Pg D Paleogene, Q D Quaternary, T D Tertiary,
TQ D Tertiary�Quaternary, oth D other, und D undifferentiated).
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the core and site name for this study), core type, sample

interval obtained (cm), geographic coordinates (decimal

degrees), water depth (m; increasingly negative values

indicate deeper water), distance from shore (km), dis-
tance from shelf-slope break (km; negative values indi-

cate samples are on the shelf, positive values indicate

samples are on the slope, rise or abyssal plain) and sedi-

mentation rates are provided (Table 2).

Water depths were measured when the sediment

cores were taken. Distance from shore and shelf-slope

break is measured as the shortest straight-line distance

between the sampling location and shore or shelf-slope

break. Sedimentation rates (in cm yr¡1) from 210Pb

(lead-210) dating are available for offshore samples

from Muhammad et al. (2008). Sedimentation rates for
near-shore sites are based on averages of 210Pb dating

results obtained from several studies of clinoform sedi-

mentation in the GoP, including Walsh et al. (2004),

Crockett et al. (2008) and Martin et al. (2008). Because

clinoform topset, foreset and bottomset beds are

deposited at characteristic ranges of water depths

(Walsh et al. 2004), we chose to assign average

Table 2. Sample data. Includes sample name, core type (MC D multi-core, KC D Kasten core, BC D box core, GC D grab sam-
ple), sample interval (cm), weight (g), latitude and longitude (decimal degrees), depth (m), distance from shore (km), distance
from shelf-slope break (km) and sedimentation rate (cm yr¡1). Sedimentation rates synthesised from Walsh et al. (2004) and
Muhammad et al. (2008).

Sample
Core
type

Interval
(cm)

Weight
(g)

Latitude
(�)

Longitude
(�)

Depth
(m)

Distance from
shore (km)

Distance from
shelf-slope break (km)

Sedimentation
rate (cm yr¡1)

10MC MC 0�4 28.9 �9.8742 144.4812 �584 148 10 0.05

12MC MC 0�4 35.4 �9.8120 144.4620 �372 142 2.4 0.09

14MC MC 0�4 34.6 �9.9073 144.6608 �760 166 18.5 0.23

16MC MC 0�4 39.9 �9.7443 144.7443 �686 164 2.4 0.05

18MC MC 0�4 13.9 �8.5109 145.5134 �262 61 2.9 0.26

19MC MC 0�4 40.2 �8.5234 145.5066 �229 64 0.4 0.18

20MC MC 0�4 34.3 �9.2948 145.0185 �661 162.5 5.6 0.12

21MC MC 0�4 26.3 �9.3648 145.0570 �1009 165 15 0.05

24MC MC 0�4 16.6 �9.7890 146.2478 �2102 92 75 0.14

26MC MC 0�4 17.7 �10.0090 146.3785 �2232 97 80 0.07

28MC MC 0�4 22.3 �10.1668 147.1333 �2426 52.5 38 0.10

30MC MC 0�4 17.9 �9.6667 146.1667 �2023 87 69 0.10

32MC MC 0�4 27.6 �9.5520 145.3532 �1620 150 52 0.05

38MC MC 0�4 22.2 �9.0083 145.3450 �977 120 17 0.10

39MC MC 0�4 12.2 �8.6053 145.6060 �690 68 13.5 0.13

42MC MC 0�4 12.8 �8.3698 145.8367 �91 35.5 �3.2 0.35

43MC MC 0�4 21.7 �8.9120 146.4023 �62 15.5 �1.9 0.34

44MC MC 0�4 10.8 �8.6072 146.1918 �99 17.5 �2.5 0.28

47MC MC 0�4 5.8 �8.4347 145.8337 �399 40 9 0.28

50MC MC 0�4 11.9 �8.5933 146.0457 �795 30 10 0.13

53MC MC 0�4 15 �8.7288 145.9358 �1111 48 25 0.21

56MC MC 0�4 22.6 �8.9392 145.2343 �450 112 2.5 0.08

60MC MC 0�4 21.7 �9.2423 145.8103 �1674 88 70 0.07

69MC MC 0�4 17.6 �9.9845 144.8745 �1638 195 22.5 0.05

70MC MC 0�4 17.5 �8.2160 145.1500 �1758 39.5 �47 0.12

72MC MC 0�4 31.5 �10.2543 144.6890 �1320 195 57 0.07

76MC MC 0�4 21.4 �10.4432 144.8629 �1551 225 72 0.07

C2�8 KC 0�4 20 �8.5743 143.9577 �18 15.5 �130 0.70

C2-A11 GC 0�4 19.7 �8.6559 143.9938 �25 23.5 �121 1.50

CC5 KC 0�4 19.8 �8.1796 143.9417 �7 16.5 �160 0.70

CC7 KC 0�4 19.6 �8.2753 144.0579 �5 33 �136 0.70

CT KC 0�1, 2�3 19.5 �8.5764 143.9633 �18 16 �130 0.70

D2 KC 0�4 19.6 �8.8133 143.7658 �15.9 19 �126 0.70

D6 KC 0�4 19.5 �8.7200 143.7019 �26 7.6 �145 1.50

E4 KC 0�4 20.7 �8.9078 143.5953 �10.4 19.5 �120 0.70

EE5 KC 0�4 19.8 �8.1166 144.0822 �4 21.5 �150 0.70

(continued)
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sedimentation rates to the samples based on the follow-
ing parameters:

� Clinoform topset:

� Water depth between 0 and 20 m, sedimenta-

tion rate D 0.7 cm yr¡1.

� Clinoform foreset:

� Water depth between 21 and 30 m, sedimenta-

tion rate D 1.5 cm yr¡1.
� Water depth between 30 and 45 m, sedimenta-

tion rate D 2.5 cm yr¡1.

� Clinoform bottomset:

� Water depth between 46 and 60 m, sedimenta-

tion rate D 0.7 cm yr¡1.

� Water depth between 61 and 80 m, sedimetna-

tion rate D 0.4 cm yr¡1.

Sediment deposits on the clinoform foreset have the

highest accumulation rates, while topset and bottomset

deposition rates are lower. Below 80 m water depth,

clinoform bottomset deposition grades into outer
shelf deposition with sedimentation rates lower than

0.4 cm yr¡1. There are no available samples for study

on the outer shelf.

Oceanographic currents, particularly tidal varia-

tions and seasonal wind changes, also play a role in

influencing the deposition of sediments and organic

matter (Wolanski et al. 1995; Ogston et al. 2008),

although these data are only available from a limited
number of locations (Martin et al. 2008; Ogston et al.

2008; Slingerland et al. 2008). Because of the limited

data availability, and because water depth and distance

from shore/shelf break are often used as proxies for

wave and current energy, current observations are not

incorporated in this study.

4.2 Processing

An external consultant processed samples using stan-

dard techniques and spiked them with Lycopodium

Table 2. (Continued )

Sample
Core
type

Interval
(cm)

Weight
(g)

Latitude
(�)

Longitude
(�)

Depth
(m)

Distance from
shore (km)

Distance from
shelf-slope break (km)

Sedimentation
rate (cm yr¡1)

EE7 KC 0�4 20.4 �8.1752 144.1726 �8 34 �145 0.70

EE9 KC 0�4 19.7 �8.2145 144.2385 �12 42 �128 0.70

G2 KC 0�4 20.6 �9.0685 143.4930 �6 6.6 �120 0.70

G3 KC 0�2 19.6 �9.0521 143.4851 �5 5.3 �121 0.70

G5 KC 0�4 20.5 �9.0315 143.4870 �6 4.9 �123 0.70

T10-20 BC 0�4 19.4 �9.1208 143.6250 �15 22.5 �105 0.70

T10-60 BC 0�4 20.4 �9.2000 143.7080 �26.1 35 �94 1.50

T11-20 KC 0�4 19.1 �8.5700 144.1650 �20.8 37 �112 1.50

T1-20 KC 0�4 21.4 �8.8100 144.4100 �62.1 72 �75 0.40

T12-20 BC 0�4 20.1 �8.5000 144.2200 �20.7 43 �115 1.50

T1-25 BC 0�4 21.2 �8.4000 144.2333 �19.1 45 �119 0.70

T13-20C KC 0�4 20.2 �8.3300 144.2900 �29 55 �117 1.50

T13-30C BC 0�4 20.5 �8.3500 144.3100 �37 56 �114 2.50

T2-30 BC 0�2 19 �9.1333 143.7750 �23.9 38.5 �94 1.50

T3-20KC BC 4�6 18 �9.0000 143.7550 �20.2 33.5 �109 1.50

T3-30 BC 0�4 21.5 �9.0500 143.8083 �28.2 39.5 �100 1.50

T4-30 BC 0�4 20 �8.9900 143.8575 �28.8 44.5 �105 1.50

T4-50 BC 0�4 19.2 �9.0900 143.9600 �47.4 56.5 �90 0.70

T5-20 BC 0�4 19.4 �8.8950 143.8950 �23.2 36 �116 1.50

T6-20 KC 0�4 19.4 �8.8375 143.9500 �19.3 36 �117 0.70

T6-30 KC 0�4 19.5 �8.8620 143.9770 �30.8 39.5 �102 2.50

T7-20 KC 0�4 19.7 �8.7800 144.0125 �21.8 34.5 �105 1.50

T7-30 KC 0�4 19.5 �8.8050 144.0363 �33.2 38 �100 2.50

T8-20B KC 0�4 22 �8.6500 143.9833 �21.3 21.5 �118 1.50

T8-30 KC 0�2 20.5 �8.7450 144.0800 �34.9 36.5 �108 2.50

T8-50 KC 4�5 11.7 �8.7875 144.1200 �67.5 43.5 �95 0.40

T8-60 KC 0�4 19.7 �8.8525 144.1900 �80 54 �86 0.40

T9-30 KC 0�4 19.8 �8.7000 144.1800 �34.8 43.5 �95 2.50
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spp. tablets (one or two per sample) to provide for

absolute abundance calculations (Traverse 2008). Car-

bonates and silicates were dissolved using 10% hydro-

chloric acid (HCl) and 70% hydrofluoric acid (HF)
solutions. Heavy liquid separation was performed

using zinc bromide (ZnBr2). Slight oxidation for 30 sec-

onds was performed with Schulze’s reagent. Samples

were sieved at 10 microns, and slides were mounted in

clear resin. Unoxidised kerogen slides were not pro-

vided, although palynomaceral/palynofacies analysis is

traditionally conducted on unoxidised material (e.g.

van der Zwan 1990; Oboh-Ikuenobe et al. 1998;
Jaramillo & Oboh-Ikuenobe 1999). Slightly oxidised

samples (like the ones used in this study) can allow for

easier identification of palynomacerals (van der Zwan

1990), and can be used for palynomaceral analysis

although oxidation does result in lower recovery of

SOM (Batten 1996). Because these samples were col-

lected on cruises conducted over a decade ago, and the

GoP is difficult to access, all samples could not be
reprocessed for an unoxidised analysis.

Twenty-nine nearshore samples were still available,

and the authors reprocessed them without HF and oxi-

dants to determine the impact of the oxidative process-

ing technique used by the consultant on palynomaceral

recovery. Although most researchers perform palynofa-

cies and palynomaceral analysis on unoxidised kerogen

slides, some authors such as Batten (1983), Schiøler
et al. (2002) and Schiøler et al. (2010) run their analyses

on oxidised slides. We have chosen to compare the two

methodologies to demonstrate how processing techni-

ques could affect palynomaceral interpretation.

A modification of O’Keefe and Eble’s (2012) meth-

odology was utilised for reprocessing available sam-

ples. Lycopodium tablets were not used. Carbonates

were dissolved using 10% HCl. Samples were disaggre-
gated overnight in a 1% Liquinox solution to disperse

clays. In a departure from O’Keefe and Eble’s (2012)

method, potassium hydroxide (KOH) was not used

because it is known to swell and degrade more fragile

palynomorphs such as modern dinocysts (e.g. Dale

1976; Harland 1981; Harland 1983; Hughes & Harding

1985, Schrank 1988). Heavy liquid separation was per-

formed using sodium polytungstate (specific gravity of
2.0). Samples were not stained, and slides were

mounted in glycerol using volumetric methodology

(J€orgensen 1967).

4.3 Microscopy

Slides were examined under transmitted light on an

Olympus BX43 microscope. The palynomaceral com-
ponent of the slides was counted to at least 300 par-

ticles at 1000£ magnification (Tables 3, 4), similar to

standard techniques used for counting palynomorphs

(Traverse 2008). No particles smaller than 5 microns

were counted. Counts of Lycopodium spp. were tabu-

lated for slides produced by the consultant in order to

calculate absolute abundances; however, these data
could not be used for statistical calculations. Lycopo-

dium spp. recovery for offshore samples is highly vari-

able, and we believe many of the markers were lost

during processing for most of the samples (Table 3).

The calculation of absolute abundances of palynomac-

erals, therefore, is skewed and seriously affects statisti-

cal analysis. On the other hand, raw results from both

processing sets are somewhat comparable, so these raw
counts are used instead of attempting to use the abso-

lute abundances calculated from the various techni-

ques, to avoid further bias.

Multiple factors can impact the distribution and

size, and thus counts, of palynomaceral fragments,

including water pressure used during sieving, the sieve

sized used, cover slip mounting (Boulter & Riddick

1986) and oxidation (Tyson 1995; Batten 1996). For
this reason, many researchers choose semi-quantitative

or estimation methods to determine the number of

palynomaceral fragments (Boulter & Riddick 1986).

These estimations are subjective, so individual particles

were counted, similar to Carvalho et al. (2006), instead

of making an estimate of their percentages, while keep-

ing in mind that processing methodology can influence

the size and distribution of palynomacerals on the
slides. Spatial bubble plots of counted palynomacerals

for the consultant’s slides were created using ArcGIS

10.2 (ArcGIS Desktop [CD-ROM] 2014) (Figures 3,

4). Categories are plotted as a percent of the total paly-

nomaceral count.

4.4 Statistical analysis

Principal component analysis (PCA) was performed

using Canoco5 (�Smilauer 2012) to determine if environ-

mental factors, including water depth, distance from

shore, distance from the shelf-slope break and sedimen-

tation rates, influenced palynomaceral distribution.

PCA was chosen because the environmental factors

selected in this study might not be the only factors

impacting palynomaceral distribution. For example,
current speed, time in transport, amount of bacterial

activity and source could impact recovery, and these

variables are difficult to account for in statistical analy-

sis. Palynomaceral data were analysed unconstrained,

and environmental variables [water depth (m), distance

from shore (km), distance from shelf-slope break (km)

and sediment accumulation rate (cm yr¡1)] were used to

help interpret the results. Four PCA axes were com-
puted, and response data were log-transformed.

PCA results for the consultant’s samples are pre-

sented as a triplot with the first PCA axis plotted on

10 M.L. Thomas et al.



Table 3. Counts for palynomaceral categories. PM1�2 D palynomaceral 1�2, PM3 D palynomaceral 3, PM4 D palynomaceral
4, SOM D structureless organic matter.

Sample Lycopodium Lyco./tablet # tablets PM1�2 PM3 PM4 SOM Resin

10MC 196 12542 2 41 0 136 125 1

12MC 52 12542 2 91 2 86 139 1

14MC 52 12542 2 72 0 143 107 5

16MC 34 12542 2 71 0 193 47 9

18MC 1 12542 2 60 0 198 50 5

19MC 1 12542 2 60 1 216 44 8

20MC 2 12542 2 50 0 225 47 6

21MC 1 12542 2 94 0 214 46 4

24MC 6 12542 2 67 0 153 99 12

26MC 1 12542 2 67 0 109 156 20

28MC 3 12542 2 99 1 126 78 19

30MC 2 12542 2 64 0 219 134 27

32MC 1 12542 2 70 0 192 53 6

38MC 1 12542 2 86 0 198 39 11

39MC 1 12542 2 54 1 136 114 18

42MC 35 12542 2 85 2 172 74 17

43MC 117 12542 2 107 4 105 79 28

44MC 155 12542 2 64 0 105 168 4

47MC 180 12542 2 94 2 163 176 11

50MC 160 12542 2 82 0 114 117 9

53MC 25 12542 2 112 1 137 120 4

56MC 1 12542 2 97 9 204 43 4

60MC 3 12542 2 132 2 173 59 6

69MC 4 12542 2 99 0 228 40 1

70MC 3 12542 2 117 0 166 86 7

72MC 1 12542 2 94 0 219 42 5

76MC 2 12542 2 97 1 137 84 4

C2-8 7 20848 1 135 5 166 44 0

C2-A11 2 20848 1 172 2 99 44 3

CC5 4 20848 1 141 2 118 43 4

CC7 5 20848 1 134 5 127 44 7

CT 6 20848 1 136 2 129 34 7

D2 6 20848 1 144 4 137 31 4

D6 7 20848 1 120 10 145 35 3

E4 5 20848 1 97 0 188 26 2

EE5 5 20848 1 166 15 87 35 3

EE7 13 20848 1 142 7 116 49 3

EE9 8 20848 1 122 4 150 39 0

G2 2 20848 1 117 2 116 87 0

G3 5 20848 1 128 3 149 41 3

G5 6 20848 1 115 2 163 35 0

T10-20 8 20848 1 86 3 165 62 4

T10-60 11 20848 1 111 1 145 48 7

T11-20 9 20848 1 113 2 161 30 1

T1-20 21 20848 1 94 0 191 41 4

T12-20 11 20848 1 113 3 165 36 3

T1-25 75 20848 1 111 0 140 74 8

T13-20C 7 20848 1 132 5 143 61 7

T13-30C 5 20848 1 133 1 140 37 3

T2-30 8 20848 1 128 0 191 13 5

T3-20KC 7 20848 1 137 0 158 32 2

(continued)
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the x-axis and the second PCA axis plotted on the
y-axis (Figure 5; Table 5). Palynomaceral arrows (filled

black) point in the direction of steepest increase for

that category. Their length indicates the degree of fit

for that category. Acute angles between arrows indi-

cate positive correlation, and obtuse angles indicate

negative correlation. Samples are plotted by their

Euclidean distance. Those plotting farther apart are

more dissimilar, while those plotting nearer to each
other are less dissimilar. Environmental variable

arrows (empty black) point in the direction of steepest

increase for that variable. An acute angle between an

environmental variable and a palynomaceral category

indicates a positive correlation, while an obtuse angle

indicates a negative correlation.

Consultant samples were then plotted by their

Euclidean distance scores without palynomaceral or
environmental variable arrows and labelled according

to their corresponding sedimentary environment

(Figure 2) to determine if samples from the same envi-

ronment were less dissimilar than samples from other

environments (Figure 6). The following sedimentary

environments were included: clinoform topset, clino-

form foreset, clinoform bottomset and offshore sam-

ples (slope, rise or abyssal plain).
Dissimilarity between the palynomaceral counts for

the two processing methods was analysed using PCA

without supplementary variables (Figure 7; Table 6).

Samples are plotted by their Euclidean distance scores.

Samples processed by the authors have an R appended

to their name. If the samples processed by the authors

and the consultants have the same recovery of palyno-

macerals, then the symbols should plot on top of or
very near to each other. The distance between the

points for a particular sample indicates the amount of

dissimilarity between the two processing methods.

Table 3. (Continued )

Sample Lycopodium Lyco./tablet # tablets PM1�2 PM3 PM4 SOM Resin

T3-30 3 20848 1 103 1 131 75 3

T4-30 6 20848 1 160 5 100 51 11

T4-50 9 20848 1 150 4 139 44 7

T5-20 7 20848 1 104 3 177 56 6

T6-20 9 20848 1 102 0 163 40 5

T6-30 8 20848 1 87 1 188 25 1

T7-20 10 20848 1 77 0 190 29 0

T7-30 7 20848 1 99 1 182 27 3

T8-20B 6 20848 1 141 2 137 32 8

T8-30 1 20848 1 143 3 133 34 4

T8-50 13 20848 1 137 2 124 46 8

T8-60 19 20848 1 102 0 126 77 3

T9-30 4 20848 1 137 0 103 85 6

Table 4. Counts of samples reprocessed by the authors.
PM1�2 D palynomaceral 1�2, PM3 D palynomaceral 3,
PM4 D palynomaceral 4, SOM D structureless organic
matter.

Sample PM1�2 PM3 PM4 SOM Resin

C2-8 166 3 149 7 0

C2-A11 196 0 157 10 4

CC5 166 0 114 34 0

CC7 203 5 90 30 3

CT 92 0 197 17 3

D6 209 8 83 46 4

E4 226 2 108 24 2

EE5 204 2 103 26 0

EE7 196 1 56 55 0

EE9 231 3 87 29 2

G2 198 1 107 13 1

G3 186 0 126 7 0

G5 169 1 107 36 5

T1-20 143 0 183 8 4

T10-20 114 0 171 35 1

T10-60 120 0 132 54 8

T11-20 137 0 170 5 4

T12-20 124 0 167 17 2

T13-20C 196 0 117 7 2

T13-30C 160 1 128 34 1

T2-30 141 3 143 51 2

T4-30 139 1 162 12 4

T6-20 125 0 170 12 0

T6-30 118 0 190 13 2

T7-30 154 1 147 14 0

T8-20B 219 4 88 11 6

T8-30 181 0 124 39 0

T8-60 122 0 85 117 0

T9-30 116 0 139 56 2
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To help quantify the variability between the con-

sultant’s and the authors’ processing methodologies

(Lowry 2015), t-tests were performed using an online

calculator (GraphPad Software, Inc. 2015) for each
palynomaceral category to compare the means of each

group (Tables 7�11). The mean of each palynomaceral

category was calculated with its standard deviation for

both the authors’ and consultant’s samples. The num-

ber of occurrences for each group is 29, and the degrees

of freedom are 56. The null hypothesis for these t-tests

predicts that processing methodology does not affect

palynomaceral recovery. P values of less than 0.05 indi-
cate that the differences between the two processing

techniques are not due solely due to chance, meaning

the results are statistically significant.

5. Results

The results for counted palynomacerals for near-shore

and offshore sample sites from the consultant’s proc-

essing procedure are mapped (Figures 3, 4; Tables 2,

3). Nearshore sample sites show much higher abundan-

ces of PM1-2, while offshore sites show much higher

abundances of PM4 and SOM. Samples with particu-

larly high SOM recoveries also have the highest marine
palynomorph recovery (dinoflagellate cysts and acri-

tarchs). Other authors, including Brooks (1981) and

Carvalho et al. (2006), note an increase in AOM recov-

ery in samples with high organic production in the

water column. PM3 and resin recoveries are low

throughout the study area.

PCA with supplementary (environmental) variables

indicates strong positive correlation between PM1�2
and PM3 (Figure 5). SOM and resin are also positively

correlated. PM4 has a strong negative correlation with

all palynomaceral categories, except SOM, with which

its positive correlation is weak. PM1�2 and PM3

counts are positively correlated (their counts increase)

with increasing sedimentation rates and shallower

water depths (bathymetry values are negative in the

statistical analysis, so less negative values indicate shal-
lower depths), and they are negatively correlated with

Figure 3. Spatial bubble plots for nearshore palynomacerals. Each category is plotted as a percentage of the total count. PM1�2
is palynomaceral 1�2, PM3 is palynomaceral 3, PM4 is palynomaceral 4, SOM is structureless organic matter.
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increasing distance from shore and shelf-slope break.

PM4, SOM and resin are positively correlated (counts
increase) with increasing distance from shore and

shelf-slope break, and they are negatively correlated

with sedimentation rate and shallower water depths.

The total variation among samples is 101.49 (Table 5),

and supplementary variables account for 32% of the

variation. The remaining 64% of the variation among

samples must be explained by factors unaccounted for

in this study. The first four PCA axes account for
98.85% of the cumulative explained variation.

Plotting Euclidean distance scores of samples and

labelling them by their sedimentary environment

allows us to determine if samples from the same envi-

ronment are more similar to each other than those

from other environments (Figure 6). The ovals around

the plotted samples indicate where the majority of sam-

ples from each depositional environment plot came
from. Results from this plot are less clear, which is why

sample names and arrows have been removed. Three

populations are identified and labelled. One subset is

dominated by offshore samples, one by clinoform top-

set samples and one by clinoform foreset samples,
although it has more variable representation of other

environments. Offshore samples (labelled by empty

circles) appear to be less dissimilar to each other than

to nearshore samples (triangles, crosses and empty

squares). Clinoform topset samples (crosses) generally

plot closer to each other than to clinoform foreset (tri-

angles) and bottomset (empty square samples). There

are not enough bottomset samples to conclusively
determine if these samples are more or less dissimilar

to each other than to the other environmental groups.

The dissimilarity between the samples processed by

the consultant and by the authors is also compared

using PCA (Figure 7). Environmental variables are not

included in this analysis, because the aim is to determine

the differences between processing techniques. Samples

plotting more closely together are less dissimilar, and
those plotting farther apart are more dissimilar. Because

only 29 nearshore samples are included in the analysis,

and processing affects recovery, correlation among the

Figure 4. Spatial bubble plots for offshore palynomacerals. Each category is plotted as a percentage of the total count. PM1�2
is palynomaceral 1�2, PM3 is palynomaceral 3, PM4 is palynomaceral 4, SOM is structureless organic matter.
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Figure 5. Principal component analysis (PCA) results with environmental variables for samples. PM1�2 is palynomaceral 1�2,
PM3 is palynomaceral 3, PM4 is palynomaceral 4, SOM is structureless organic matter. Samples are plotted by their Euclidean
distance scores. Arrows indicate the direction of steepest increase for the corresponding palynomaceral category or environmen-
tal variable. Acute angles between arrows indicate positive correlation, obtuse angles indicate negative correlation.

Table 5. Results from unconstrained principal component analysis (PCA) with supplementary environmental variables for sam-
ples processed by the consultant.

Unconstrained PCA with environmental variables

Total variation 101.49

Supplementary variables account for 32.00%

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.4715 0.3336 0.1423 0.0411

Explained variation (cumulative) 47.15 80.51 94.74 98.85

Pseudo-canonical correlation (suppl.) 0.7302 0.3519 0.3536 0.4444
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palynomaceral categories is different. PM1�2, PM3 and

SOM are positively correlated with each other, and neg-

atively correlated with PM4 and resin. Resin and PM4

are only weakly positively correlated. The results dem-

onstrate processing clearly affects recovery, because

reprocessed samples rarely plot near the same sample

processed by the consultant. Reprocessed samples in

general have higher counts of PM1�2 and PM4, with

lower recovery of PM3, SOM and resin. The total varia-

tion among the samples in this analysis is 100.05, and

the first four PCA axes explain 99.56% of the cumula-

tive variation (Table 6).

Figure 6. Principal component analysis (PCA) with environmental variables results for samples. Samples are plotted by their
Euclidean distance score, and symbols correspond to the depositional environment. Crosses are clinoform topset samples, trian-
gles are clinoform foreset samples, open squares are clinoform bottomset samples and open circles are offshore basin samples.
Ovals enclose the majority of samples from each environment. There are not enough bottomset samples (four) to conclusively
determine how they relate to each other.

Table 6. Results from unconstrained principal component analysis (PCA) without supplementary variables comparing con-
sultant’s and authors’ processing techniques.

Unconstrained PCA comparing consultant and CENEX (Center for Excellence in Palynology) samples

Total variation 100.05

Statistic Axis 1 Axis 2 Axis 3 Axis 4

Eigenvalues 0.4358 0.2863 0.2177 0.0557

Explained variation (cumulative) 43.58 72.21 93.99 99.56
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T-tests indicate significant deviations from the null

hypothesis for all palynomaceral categories except

PM4 (p D 0.1326) (Tables 7�11). In particular, the P

value for PM1�2 is less than 0.0001 (0.01%), which is

extremely significant. PM1�2 counts for reprocessed

samples are much higher; the mean of PM1�2 for

reprocessed samples is 163.83 § 39.14 compared to

124.34 § 22.31 for the consultant’s samples. P values
for PM3 (p D 0.0177), SOM (p D 0.0074) and resin

(p D 0.0111) are also significant. It is unlikely that the

difference between means for PM4 could be caused by

chance alone, because all other palynomaceral catego-

ries show significant P values. These results demon-

strate that the processing methodology clearly

influences palynomaceral recovery.

6. Discussion

Despite the bias introduced by the use of two process-
ing techniques, the results show that the distribution of

palynomacerals in sediments is indeed governed by the

key factors examined in this study, but not as

completely as expected. Water depth, distance from

shore and shelf break and sediment accumulation rate

were predicted to account for the variation in palyno-

maceral assemblages among samples. Our results show

that these variables explain 32% of the variation in
assemblages (Figure 5; Table 5). Counts of PM1�2

and PM3 increase with increasing sedimentation rate

and shallower water depths. PM1�2 and PM3 counts

Table 7. Unpaired t-test for Palynomaceral 1�2. SEM D
standard error of the mean, N D number of samples, df D
degrees of freedom. P values < 0.05 indicate statistical
significance.

Unpaired t-test for Palynomaceral 1�2

Data

Consultant Authors

Mean 124.34 § 22.31 163.83 § 39.14

SEM 4.14 7.27

N 29 29

Calculation

t-statistic 4.7194

df 56

Standard error of difference 8.366

P value (two-tailed) < 0.0001

Table 8. Unpaired t-test for Palynomaceral 3. SEM D stan-
dard error of the mean, N D number of samples, df D degrees
of freedom.

Unpaired t-test for Palynomaceral 3

Data

Consultant Authors

Mean 2.97 § 3.29 1.24 § 1.90

SEM 0.61 0.35

N 29 29

Calculation

t-statistic 2.4435

df 56

Standard error of difference 0.706

P value (two-tailed) 0.0177

Table 9. Unpaired t-test for Palynomaceral 4. SEM D stan-
dard error of the mean, N D number of samples, df D degrees
of freedom.

Unpaired t-test for Palynomaceral 4

Data

Consultant Authors

Mean 144.34 § 29.48 131.03 § 36.57

SEM 5.47 6.79

N 29 29

Calculation

t-statistic 1.526

df 56

Standard error of difference 8.723

P value (two-tailed) 0.1326

Table 10. Unpaired t-test for structureless organic matter
(SOM). SEM D standard error of the mean, N D number of
samples, df D degrees of freedom.

Unpaired t-test for SOM

Data

Consultant Authors

Mean 43.28 § 17.11 28.24 § 23.57

SEM 3.18 4.38

N 29 29

Calculation

t-statistic 2.7796

df 56

Standard error of difference 5.409

P value (two-tailed) 0.0074
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decrease with increasing distance from shore and shelf

break. Because PM1�2 and PM3 are derived from veg-

etation, this result fits with the prediction that these
categories will decrease with increasing distance from

shore/shelf break and water depth. Sedimentation rates

are much higher in near-shore sites (Figures 1 and 2;

Walsh et al. 2004; Muhammad et al. 2008), which helps

to explain why increases in PM1�2 and PM3 are posi-

tively correlated with increasing sedimentation rates.

These results fit with the observations of van der Zwan

(1990), who also found increased PM1�2 and PM3
recovery in sites nearer to shore.

PCA results for resin are not as clear (Figure 5).

Counts for this category are low (Table 4). Other

authors include resinous substances in PM1�2 and

PM3 groups (Whitaker 1984; Boulter & Riddick 1986;

van der Zwan 1990). Resin was predicted to be higher

in nearshore and shallow water settings, but PCA indi-

cates it increases with increasing distance from shore
and in deeper water. This would indicate resin is more

robust or more buoyant and can be transported longer

distances. The low recovery of resin could have skewed

these results, so in future analyses, resin should be

included within PM1�2, as it is terrestrially derived.

PM4 increases in abundance with increasing dis-

tance from shore/shelf break and water depth. Recov-

ery of PM4 is higher in sites with lower sedimentation
rates (Figure 5). Boulter & Riddick (1986), van der

Zwan (1990) and Carvalho et al. (2006) note that this

black debris is probably highly degraded plant tissue.

The observation that PM4 increases in abundance with

increasing distance from shore and in deeper water

depths indicates these fragments are more buoyant and

can be transported longer distances, similar to findings

by van der Zwan & van Veen (1978), Richelot & Streel

(1985), and van der Zwan (1990).

SOM is positively correlated with distance from

shore and shelf break, and negatively correlated with
depth and sedimentation rate (Figure 5). SOM is par-

ticularly abundant in offshore samples, especially

where marine productivity is high as indicated by

increased abundances of dinoflagellate cysts. The

recovery of SOM is highest in depositional environ-

ments where energy of the environment is low and pro-

ductivity is high (Tyson 1993; Carvalho et al. 2006).

Results from PCA (Figure 5) support the conclusion
that most of the SOM identified in this study is derived

in the marine realm from in situ production.

The remainder of the variation (64%) in palyno-

maceral assemblages must be explained by other fac-

tors, which can include the proximity of vegetation to

water, sediment source (Traverse 2008), transportation

processes and currents, productivity, bioturbation and

reworking (Tyson 1995; Batten 1996). It is difficult to
quantify these factors for statistical analysis. Palyno-

macerals can also be sorted based on their size, shape

and buoyancy (van der Zwan & van Veen 1978; Riche-

lot & Streel 1985; van der Zwan 1990), which cannot

adequately be accounted for in the simple classification

scheme used in this study. Processing techniques also

impact the recovery of palynomacerals and must be

carefully controlled (van der Zwan 1990; Tyson 1995;
Batten 1996; Oboh-Ikuenobe et al. 1998; Jaramillo &

Oboh-Ikuenobe 1999; Batten & Stead 2005).

Samples from each sedimentary environment are

more similar to each other than those from other sedi-

mentary environments (Figure 6). Cluster analysis

would more definitively reveal if certain palynomaceral

assemblages are characteristic of each sedimentary

environment. In general, clinoform samples possess
higher counts of PM1�2 and PM3, while offshore sam-

ples have higher abundances of PM4 and SOM. Future

work would elucidate if a particular range of palyno-

maceral counts is indicative of each environment.

Comparing the consultant’s processing methodol-

ogy with the authors’ processing methodology yields

statistically significant differences between the techni-

ques (Figure 7; Tables 7�11). All categories except
PM4 show a statistically significant deviation from the

null hypothesis. The means of PM1�2 and PM4 recov-

ery is higher in reprocessed samples, while the means

of PM3, SOM and resin recovery is lower. It is odd

that SOM recovery in the consultant’s slightly oxidised

samples is higher, because SOM recovery is generally

higher in unoxidised, kerogen slides (van der Zwan

1990; Tyson 1995; Batten 1996; Oboh-Ikuenobe et al.
1998; Jaramillo & Oboh-Ikuenobe 1999). The authors’

use of Liquinox during processing (modified from

O’Keefe and Eble 2012) could have disaggregated

Table 11. Unpaired t-test for resin. SEM D standard error
of the mean, N D number of samples, df D degrees of
freedom.

Unpaired t-test for resin

Data

Consultant Authors

Mean 3.79 § 2.68 2.14 § 2.08

SEM 0.5 0.39

N 29 29

Calculation

t-statistic 2.6276

df 56

Standard error of difference 0.63

P value (two-tailed) 0.0111
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SOM particles to sizes smaller than 5 microns, and

therefore made them too small to count. Processing

without a dispersant would likely increase recovery of
SOM.

Results from comparing the two processing techni-

ques illustrate differences in the palynomaceral con-

tent. van der Zwan (1990) notes that slight oxidation

provides for easier identification of palynomaceral

particles, and we find this to be true in our sample

suite. Our reprocessed samples (without oxidation) are

much harder to count, especially with the presence of
small amorphous material. Despite this, we agree with

previous authors (e.g. Oboh-Ikuenobe et al. 1998; Jara-

millo & Oboh-Ikuenobe 1999) that analysing unoxi-

dised kerogen slides provides the most unbiased

approach to gathering the appropriate data to interpret

Figure 7. Principal component analysis (PCA) results comparing the dissimilarity between processing methodologies. PM1�2 is
palynomaceral 1�2, PM3 is palynomaceral 3, PM4 is palynomaceral 4, SOM is structureless organic matter. Samples are plotted
by their Euclidean distance scores. Consultant-processed samples are filled dots, and author-processed samples are open circles
(reprocessed samples are labeled with an ‘R’ following the sample name). Supplementary variables are not included.
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palynomaceral fragments in the palynological record.

In future studies, analyses of this type should be

reserved for kerogen slides, although, as demonstrated

here, the palynomaceral assemblage of oxidised slides
does partially reflect the influence of bathymetry, dis-

tance from shore and shelf break and sediment accu-

mulation rates.

7. Conclusions

Palynomaceral analysis can provide important insights

into the modern sedimentary record. Understanding

how these fragments behave in modern sediments is

important in helping palynologists make interpreta-

tions about ancient depositional environments. When
interpreting ancient deposits, researchers must keep in

mind that preservation and diagenesis can also impact

palynomaceral recovery. Results from using the simple

classification scheme of five categories (PM1�2, PM3,

PM4, SOM and resin) show relative abundances of

these particles can aid in predicting bathymetry, dis-

tance from shore and sediment accumulation rate, but

although these seem to be the key factors governing
distribution, they only account for 32% of the total

variability. A multitude of other factors, such as pro-

ductivity, source, reworking and bacterial alteration,

outside the scope of the analysis presented here, can

also impact palynomaceral assemblages. Despite the

inability of the environmental factors selected to ade-

quately explain the total variation in palynomaceral

assemblages, some important results emerge from the
analysis. PM1�2 and PM3 are more common in sites

nearer shore, in shallower water depths and with higher

sedimentation rates (Figure 5). PM4 is more buoyant

and perhaps more resistant than PM1�2 and PM3, so

it is more common in deeper offshore sites. SOM is

higher in offshore sites that could have higher organic

production. Future application of this simple five-cate-

gory classification scheme to fossil palynomaceral
assemblages could give biostratigraphers an important

tool for understanding changes in palaeobathymetry

and sediment accumulation rates in ancient sedimen-

tary environments.
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