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Executive Summary

The Bay of Plenty Regional Council is seeking to understand historical and recent
sedimentation in Ohiwa Harbour, a barrier-enclosed lagoon, to help establish sediment
accumulation rates and water quality limits in accordance with the Resource Management
Act (1991) and the NZ Freshwater Policy Statement. To provide sedimentation data that is
independent of sediment plate data already being collected by the Council, and to supplement
other historical data, a series of nine vibracores, nine box cores, and 73 surface sediment
samples were collected from across Ohiwa Harbour.

Three key vibracores were analyzed for their radionuclide activity (*'°Pb and ?*°Ra) in an
attempt to determine their sediment accumulation rates. However, no rate could be
established due to very low and irregular radionuclide activity through the cores. It is
probable that the method did not work due to the combined effects of hydrodynamic mixing
and bioturbation.

Sedimentological analysis was undertaken on all nine vibracores and box cores, which
indicated that the intertidal sediments consist of five distinctive depositional units: clast
supported calci-gravel, ripple to cross bedded sand, bioturbated sand, laminated to rippled
silt, and bioturbated silt. Recognition and interpretation of these units will be useful for future
workers interested in reconstructing the evolution of sedimentation within the harbour.

Grain size of core sediment and surficial sediment around the harbour was compared to
historical surface sediment maps. They show clearly that Ohiwa Harbour is becoming
muddier through time, although in a non-linear and complex way with some parts of the
harbour getting sandier. The perimeter of the harbour and the upper harbour are the main
areas affected by a fining grain size trend.

Loss-on-ignition (LOI) of sediment indicates that organic carbon is more concentrated in
fine-grained sediment than coarser sediment across the harbour. No clear stratigraphic pattern
of LOI could be established. However, surface sediments display larger LOI along the
perimeter of the harbour where the proportion of mud is greater.

Three recommendations are put forth based on the results of this study, as well as gaps in
knowledge discovered during data collection and analysis. The first is that determining
longer-term (decades—millennia) sediment accumulation rates may be achievable by carbon-
dating the abundant shell material contained within cores. The second is that calculation of
sediment compaction under its own weight (‘autocompaction’) may help determine the
causes of sedimentation and erosion in the harbour. The third and final recommendation is for
repeat surface sediment surveys to be undertaken regularly, at intervals no greater than every
five years. These insights will together yield a more complete picture of past, present, and
future sedimentation and its effects in Ohiwa Harbour.
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1. Introduction

The deterioration of estuaries due to contamination by sediment, nutrients, and other
pollutants flowing from river catchments to the land-sea interface is a significant global
problem (Lotze et al., 2006). Land use changes, a growing population, and anthropogenic-
linked climate change are altering river discharge patterns, increasing soil erosion, and
affecting eutrophication with negative consequences for marine ecosystems and the
sustainability of the ocean as a breadbasket (Kennish, 2001; Nixon, 2012; Schiel and
Howard-Williams, 2016). One of the major variables connecting human impact on land with
the coastal oceans is the sediment flux through rivers and estuaries, with increases in
sedimentation rates acting as a key environmental stressor (MacDiarmid et al., 2012). In New
Zealand sediment yield from rivers to the ocean is large (>1000 t km-2 a-1; Hicks et al.,
2011; Milliman, 1990), controlled by a young erodible geology, a steep mountainous
landscape, and generally high rainfall (Basher, 2013; Soons and Selby, 1992).
Notwithstanding the natural controls on sediment yield, studies have shown that New
Zealand estuaries have been infilled with river-derived sediment at increasing rates since the
arrival of Polynesians (ca. 1300 A.D.) and even more profoundly in the post-European era
(Hunt, 2019; Nichol et al., 2013; Sheffieldt et al., 1995). Such increased sedimentation has
had marked negative consequences for estuarine and coastal biodiversity and productivity
(Thrush et al., 2004), which has disproportionately affected Maori communities who live on
the coast (e.g., Paul-Burke et al., 2018).

Sediment core studies of estuaries on New Zealand’s North Island have clearly demonstrated
that sediment accumulation rates (SAR) during the pre-Polynesian era ranged from 0.2-2 mm
yr'! (Harpur, 2016; Hume and Dahm, 1992; Hunt, 2019; McGlone, 1989; Naish, 1990;
Swales and Hume, 1995; Swales et al., 2005). By contrast, in the last century, the rates have
increased markedly to between 2-200 mm yr'! (Bentley et al., 2014; Huirama et al., 2021;
Hume and Dahm, 1992; Hunt, 2019; Swales and Hume, 1995). These studies, however, have
been challenged by the limitations associated with age-dating sediments using the *C or
210pb methods (Appleby, 1998; Barsanti et al., 2020; Petchey, 2009), and therefore it is
unclear how meaningful reported estimates of “average” SAR over these time spans are given
the inherently incomplete nature of the stratigraphic record (Paola et al., 2018; Straub et al.,
2020). Nonetheless, the distinct increase in the range of SAR through time has also brought
with it shifts in the texture of substrates (i.e., sand versus mud), as well as spatially
heterogeneous changes in the balance between erosion and deposition (e.g., Anderson et al.,
2004; Swales et al., 2007).

In response to the sedimentation problem, New Zealand is building policy around water
quality and sedimentation limits that are required by the Resource Management Act (1991)
and the NZ Freshwater Policy Statement (which includes estuaries) (M.F.E., 2020).
Establishing these limits necessitates an estimation of “natural” and “contemporary” SAR,
the former which is a historical undistributed baseline of sedimentation that pre-dates human
occupation of New Zealand (i.e., for native forest catchments). The current recommendation
for acceptable contemporary SAR is 2 mm yr! above the baseline, a rate considered
necessary to avoid catastrophic damage to the estuarine macrobenthos community (Townsend
and Lohrer, 2015).

As with most estuaries in New Zealand, sedimentation is a significant environmental issue for
Ohiwa Harbour (Senior et al., 2009). Increased sediment loads deliver excess nutrients and
faecal material that reduced water quality, adversely affecting key shellfish, fish, and bird
populations (Park, 2005). Furthermore, poor water quality is deleterious for aquaculture and



recreational use of the harbour. In order to mitigate this problem the Bay of Plenty Regional
Council (BoPRC) installed sediment plates to measure SAR in 2010, but is seeking
independent data to verify these measurements and to support development of water quality
and sedimentation limits. This report presents the findings of a study commissioned by
BoPRC which sought to determine long-term SAR across the harbour using >'°Pb age-dating
of sediments from core. As a secondary objective, the report describes the sediment
characteristics and distribution, as well as the stratigraphic stacking patterns within Ohiwa
Harbour.

2. Study Area

Ohiwa Harbour is located on the east coast of the North Island of New Zealand, southeast of
Whakatane (Fig. 1). The harbour is an estuarine lagoon, sheltered from the Bay of Plenty
(Pacific Ocean) by the Ohiwa and Ohope sand spits, which are dissected by a tidal inlet that
is ca. 600 m wide at high tide. The harbour has a perimeter of 48 km and spans an area of 24
km?, with up to 70% of the harbour exposed at low tide (Gibb, 1977; Paul, 1966; Richmond
et al., 1984). Broad tidal flats with slopes of less than 3° rim the harbour, generally having
topographic relief of less than 1 m (Richmond et al., 1984). The upper tidal flats (ca. 40% of
intertidal area) are covered with Salacornia, Juncus, and Leptocarpus salt marsh and are
dissencted by streams flowing into the harbour. Up to 25% of the upper tidal flats are
colonized by dense Avicennia resinifera mangrove forests. The lower tidal flats (ca. 60% of
intertidal area) are cross cut by meandering tidal channels and small tidal creeks (Richmond
et al., 1984). Mean depth in Ohiwa Harbour is 2 m, with a maximum depth is 14 m, and a
volume at high tide of 49.4 x 10° m® (Freestone, 1976; Richmond et al., 1984).
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Figure 1: A) Location of Ohiwa Harbour in Aotearoa New Zealand. B) Location of the nine cores and
associated surface sediment samples that were analyzed as part of this study.

Tides in Ohiwa Harbour are semidiurnal with a neap-spring range of 1.6-2.5 m. Water flow is
overwelmingly dominated by tidal currents, with velocities up to 125 cm s through the
mouth of the inlet (Freestone, 1976; Richmond et al., 1984). Freshwater discharge into the
harbour is very small — ca. 1.2 m* s”! (Freestone, 1976) — as is land-derived sediment supply.
Most of the water and sediment comes from the Nukuhou River, with a smaller proportion
from the Awaraptuna, Pukehoko, Waiotane, Wainui, Te Awawairoa, Kutarere, and Te Kaha
streams. The rest of the sediment in the harbour is carried into the mouth of Ohiwa Harbour
by longshore currents from the Whakatane River (Healy, 1978). Tidal flushing of the lagoon
is rapid with a water residence time of only 1-2 tidal cycles (Richmond et al., 1984). Wind-
induced waves along the margins of the harbour can reach heights up to 0.5 m, with



predominantly northwesterly, northerly, and southerly directions of propogation (Richmond
et al., 1984).

The mountainous catchment of Ohiwa Harbour has an area of 172 km? with a maximum
elevation of 371 m above sea level. About 18% of the land is covered by exotic plantation,
20% is indigenous forest, 14% is indigenous scrub, 44% is pasture, 1% is urbanized area,
with the remaining few percent comprising exotic scrub, horticultural land, saltmarsh and
wetlands, and water bodies (MacKenzie, 2013). The harbour is situated on the eastern end of
the Whakatane Graben, which is subsiding at a rate of 1-2 mm yr' (Beanland and Berryman,
1992), and lies adjacent to the uplifting Raukumara Ranges, between the Ohope and
Waikaremoana Faults (Beanland and Berryman, 1992; Hayward et al., 2004). The hills
surrounding Ohiwa Harbour comprise mid-Pleistocene sedimentary strata of the Ohope
Formation, which rests unconformably atop Mesozoic greywacke (Healy, 1967). These pass
upwards into late-Pleistocene sedimentary strata and tephras of the Waiotahi Gravels and
Ohiwa Harbour Subgroup, respectively (Manning, 1996). The inner harbour of Ohiwa
overlies Pleistocene sedimentary rocks and tuffs of the Huka Group, but islands within the
harbour may also consist of consolidated modern sediments (i.e., Tern and Motuotu islands)
(Richmond et al., 1984). The mineralogy of sediment diverges somewhat between the upper
harbour and lower harbour. In the upper harbour sediments are dominated by volcanic glass,
pumice fragments, and feldspar, with subordinate amounts of quartz and biogenic calcite. By
contrast the lower harbour is enriched in quartz and feldspar, with relatively less volcanic
grains (Richmond et al., 1984).

During the last glacial maximum (21,000 ka) sea level was 134 m lower than present
(Lambeck et al., 2014), and in the area around Ohiwa Harbour rivers flowed northwards to a
coastline situated offshore of its present position. Sea level rose gradually to flood the
continental shelf and construct most of New Zealand’s estuaries from 12,000 to 7,000 ka
(e.g., Hemmingsen, 2001; Kirk and Lauder, 2000). From 7,000 ka to present sea level has
varied over a much narrower range (i.e., +/- ca. 3 m; King et al., 2020). The last 100 years has
seen a dramatic increase in the rate of rise in relative sea level to 2.8 mm/yr (King et al.,
2020). A number of workers have studied the formation and evolution of Ohiwa Harbour,
especially in relation to changes in the barrier sand spits (Gibb, 1977; Hayward et al., 2004;
Murdoch, 2005; Richmond et al., 1984; Robinson, 2012; Smith, 1976). The most recent
interpretation, based partly on the presence of key ash beds, posits that the Ohope and Ohiwa
spits were built following the Holocene sea level stillstand (7410-5175 yr BP; Julian, 2006),
and that the harbour realized its most recent configuration somewhere around 575 yr BP
(Murdoch, 2005).

3. Methods

To assess SAR, sedimentary history, and sediment characteristics of Ohiwa Harbour,
vibracores, box cores, and surface sediment samples were collected from nine stations across
the lagoon (Fig. 1B; Table 1). The stations were situated in close proximity to sediment plates
installed by the BoPRC. Cores were collected at intertidal positions in an effort to intersect as
much of the historical subtidal sediments as possible. A box core was collected within 10 m
of each vibracore to visualize the details of the sediment at depths up to 30 cm. Finally,
surface sediment samples were collected from the upper 0-2 cm, arranged in a grid around
each coring site. In total, nine vibracores, nine box cores, and 73 surface sediment samples
were collected in April 2021.



Table 1: Vibracore locations within Ohiwa Harbour.

Core Latitude Longitude Length (m)
A 37.984260° S 177.0643117° E 237
B 37.991468° S 177.1123529° E 2.29
C 38.007395° S 177.1489488° E 232
D 38.001247° S 177.0591144° E 3.18
E 38.000090° S 177.0953057° E 2.09
F 38.016557° S 177.1309827° E 2.79
G 37.991013° S 177.1600080° E 3.38
H 38.036095° S 177.1540209° E 242

After vibracores were pulled from the ground, the ends of their 76.2 mm aluminum tubes
were sealed watertight for transport back to the University of Waikato. In the laboratory,
vibracores were split in half, wrapped in plastic, and the duplicates stored in a refrigerator at
6° C. Cores were then photographed in natural light and x-radiographed using a Cubex 50
portable x-ray machine operating at 90 kV and 1.30 mAs. The x-rays were measured on a
Canon MXD DR9000 flat panel detector. The vibracores were logged for their grain size and
lithology, bioturbation intensity (using the Bioturbation Index; Taylor and Goldring, 1993),
physical sedimentary structures, and shells or accessories. The cores were then sampled every
2 cm down the core for the first 10 cm (i.e., 0-1 cm to 10-11 cm) and then every 5 cm to their
base. Box cores were processed in the same manner as vibracores.

After sampling from the vibracores the sediment was immediately placed in whirl-pak bags
to seal in moisture and stored in a refrigerator at 6° C. The samples were shipped to Flett
Research Limited in Winnipeg, Canada, for determination of >!°Pb activity by measuring the
granddaughter, 2!°Po, using a modification of the alpha spectrometry procedures described in
Eakins and Morrison (1978). The laboratory also determined the activity of *>’Ra by
measuring *?Rn emination, using a proceedure modified from Mathieu et al. (1988). Further
details about the sample processing and detection methods can be found in Appendix A.

A second set of the vibracore samples, along with surface sediment samples, was dried at 60°
C for 24 hours. Alloquots of a few grams of sediment were treated with 30% H202 to remove
organics, 10% HCI to remove carbonates, and a 5% Na-Hexametaphosphate solution was
added to deflocculate clays. Treated samples were seived through a 2 mm mesh and then run
through a Malvern Mastersizer to determine the grain size distribution. Statistical treatment
of grain size data used GRADISTAT (Blott and Pye, 2001). Another set of sediment sample
alloquots were dried a second time at 105° C for 24 hours, weighed, heated to 430° C for 4
hours, and then weighed again in a modified version of the loss-on-ignition (LOI) method of
Wood (2015). The final difference in mass was considered to be a proxy for total organic
carbon. Grain size and LOI data were plotted next to lithologs and also used to construct
station specific distribution maps using Esri ArcGIS. Grain size profiles and maps used the
Folk and Ward (1957) mean, as well as the percentage of mud (<62.5 um).
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4. Results and Interpretation

4.1 Radionuclide Analysis
4.1.1 Core D Results

A regular >!°Pb profile exhibits an exponential decrease in total 2!°Pb activity as a function of
depth. Core D shows an irregular 2!°Pb profile. The 22!°Pb activities vary between 0.75-1.26
DPM/g in the upper 23 cm (extrapolated depth) of the core, then decrease to 0.32 DPM/g in
section 35-36 cm (extrapolated depth 30.5-43 cm). Below 43 cm (extrapolated depth), the
210pp activities increase to 0.71 DPM/g in section 90-91 cm (extrapolated depth 80.5-115.5
cm), then decrease to 0.23 DPM/g in section 200-201 cm, and again increase to 1.16 DPM/g
at the bottom of the core (Appendix B)

Unsupported 2!°Pb (or excess 2!°Pb) is the amount of the ?!°Pb isotope that is in excess to the
background 2!°Pb (background also called supported 2!°Pb) produced in the sediments by
226Ra. The unsupported 2!°Pb is assumed to be from direct atmospheric deposition of 2!°Pb
plus the import of 2!°Pb from the watershed and adjacent sediments.

226Ra was measured in Core D at 0.23, 0.20 and 0.54 DPM/g in sections 8-9 cm, 25-26 cm
and 90-91 c¢m, respectively (Appendix B ). The ?!°Pb activities seen in section 8-9 cm and
section 25-26 c¢m are significantly higher than the 2°Ra activities measured in the same
sections, suggesting that detectable atmospheric sourced >!°Pb is present in this section and
likely in the upper 30.5 cm (extrapolated depth) of the core. The 2*Ra activity in section 90-
91 cm is not significantly different than the 2!°Pb activity measured in the same section,
indicating that detectable atmospheric sourced 2!°Pb was not found in this section, and is
unlikely to be found in any of the sections below 30.5 cm (extrapolated depth) of this core.

Unsupported 2!Pb activity in Core D was calculated by subtracting the 2*°Ra activity of 0.23
DPM/g measured in section 8-9 cm from each total 2!°Pb value in the upper 30.5 cm of the
core (Appendix B). To apply a linear regression model of unsupported 2'°Pb activity versus
cumulative dry weight, it is assumed that the input of 2!°Pb and the sediment accumulation
rate are constant. These assumptions are not satisfied, and therefore no linear regression
could be calculated.

The constant rate of supply model used to determine SAR assumes constant input of >!°Pb
and a core that is long enough to include all of the measurable atmospheric source 2!°Pb, (i.e.,
it contains a complete >!°Pb inventory) (Appleby and Oldfield, 1978). Although it appears
that the 2!°Pb background level may have been achieved in section 90-91 cm, the assumption
of a constant input of 2!°Pb is not satisfied due to the irregular 2!°Pb profile, and therefore no
model of SAR can be applied to the dataset.

4.1.2 Core D Interpretation

The low unsupported 2!°Pb activity found in Core D may be due to hydrodynamic activity, or
bioturbation, which strips the sediment of organic matter for which >!°Pb has an affinity.
Detectable atmospheric sourced 2!'’Pb was found in the upper 30.5 cm (extrapolated depth). It
is impossible to confidently determine the date of deposition of any sediments in this core
interval, other than to say that above 30.5 cm depth they appear to be less than 67 years old (3
half-lives of 2!°Pb), the maximum age that can be estimated in this core. Below 30.5 cm of
the core, the sediments are likely to be older than 67 years. Despite the unfortunate situation
where no age-depth model could be calculated, the analytical quality of radioisotope data



11

(based upon the recovery of spike, the results of repeat analyses, CRM and blanks) is
considered good.

4.1.3 Core E Results

Core E shows an irregular 2!°Pb profile. The 2!°Pb activity generally increases from 0.61
DPM/g in the uppermost section (extrapolated depth 0-1.5 cm) to 0.80 DPM in section 8-9
cm (extrapolated depth 7.5-9.5 cm), then it decreases to 0.24 DPM/g in section 25-26 cm
(extrapolated depth 23-30.5 cm). Below 30.5 cm (extrapolated depth), the 2!1°Pb activity
increases again to 0.64 DPM/g in section 90-91 cm (extrapolated depth 80.5-105.5 cm) and
then decreases to 0.29 DPM/g at the bottom of the core (Appendix B).

226Ra was measured in Core E at 0.22, 0.42 and 0.52 DPM/g in sections 8-9 cm, 50-51 cm
and 90-91 cm, respectively (Appendix B). The 2!°Pb activity (0.80 DPM/g) seen in section 8-
9 cm is significantly higher than the 22°Pb activity measured in the same section, suggesting
that detectable atmospheric sourced 2!°Pb is present in this section and likely in the upper 23
cm (extrapolated depth) of the core. The *Ra activities in section 50-51 cm and section 90-
91 cm are not significantly different than the >!°Pb activities measured in the same sections,
indicating that detectable atmospheric sourced 2!°Pb was not found in those two sections, and
is unlikely to be found in any of the sections below 23 cm (extrapolated depth) of this core.

The unsupported 2!°Pb activity was calculated by subtracting the ?2°Ra activity of 0.22
DPM/g measured in section 8-9 cm from each total 2!°Pb value in the upper 23 cm of the core
(Appendix B). The input of 2!°Pb and the sediment accumulation rate were not found to be
constant, and therefore, a linear regression model of unsupported 2'°Pb activity versus
cumulative dry weight could not be calculated.

Although it appears that the *!°Pb background level may have been achieved in section 50-51
cm from core E, the assumption of a constant input of 2!1°Pb is not satisfied due to the
irregular >!°Pb profile, and therefore no model of SAR can be applied to the dataset.

4.1.4 Core E Interpretation

The low unsupported 2!°Pb activity found in Core E may be due to hydrodynamic activity, or
bioturbation, which strips the sediment of organic matter for which 2!°Pb has an affinity.
Detectable atmospheric sourced >!°Pb was found in the upper 23 ¢cm (extrapolated depth). It is
impossible to confidently determine the date of deposition of any sediments in this core
interval, other than to say they appear to be less than 45 years old (2 half-lives of !°Pb), the
maximum age that can be estimated in this core. Below 23 cm of the core, the sediments are
likely to be older than 45 years. Despite the unfortunate situation where not age-depth model
could be calculated, the analytical quality of radioisotope data (based upon the recovery of
spike, the results of repeat analyses, CRM and blanks) is considered good.

4.1.5 Core F Results

This core shows an irregular 2!°Pb profile. The >!°Pb activities vary between 0.58-1.01
DPM/g in the upper 18 cm (extrapolated depth) of the core, then vary between 0.33-0.46
DPM/g in the core interval of 18-180.5 cm (extrapolated depths). Below 180.5 cm
(extrapolated depth), the 2!°Pb activities vary between 0.61-0.84 DPM/g (Appendix B).

226Ra was measured at 0.26, 0.40 and 0.31 DPM/g in sections 8-9 cm, 25-26 cm and 90-91
cm, respectively (Appendix B). The 2!°Pb activity (0.70 DPM/g) seen in section 8-9 cm is
significantly higher than the ?*Ra activity measured in the same section, suggesting that
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detectable atmospheric sourced 2!°Pb is present in this section and likely in the upper 18 cm
(extrapolated depth) of the core. The 2*Pb activities in section 25-26 cm and section 90-91
cm are not significantly different than the 2!°Pb activities measured in the same sections,
indicating that detectable atmospheric sourced 2!°Pb was not found in those two sections, and
is unlikely to be found in any of the sections below 18 cm (extrapolated depth) of this core.

The unsupported 2!°Pb activity was calculated by subtracting the 22°Pb activity of 0.26
DPM/g measured in section 8-9 cm from each total 2!°Pb value in the upper 18 cm of the core
(Appendix B). The input of 2!°Pb and the sediment accumulation rate were not found to be
constant, and therefore, a linear regression model of unsupported 2'°Pb activity versus
cumulative dry weight could not be calculated.

It is likely that the >!°Pb background level was achieved in section 25-26 cm, the assumption
of a constant input of 2!°Pb is not satisfied due to the irregular 2!°Pb profile, and therefore no
model of SAR can be applied to the dataset.

4.1.6 Core F Interpretation

The low unsupported 2!°Pb activity may be due to hydrodynamic activity which strips the
sediment of organic matter for which !°Pb has an affinity. Detectable atmospheric sourced
210pb was found in the upper 18 cm (extrapolated depth). It is impossible to confidently
determine the date of deposition of any sediments in this core interval, other than to say they
appear to be less than 45 years old (2 half-lives of !°Pb), the maximum age that can be
estimated in this core. Below 18 cm of the core, the sediments are likely to be older than 45
years. Nonetheless, overall, the analytical quality of radioisotope data (based upon the
recovery of spike, the results of repeat analyses, CRM and blanks) is considered good.

4.2 Core Analysis
4.2.1 Sedimentary Facies

The stratigraphic interval intersected by the nine vibracores across the harbour indicate that
the uppermost ca. 3 m of intertidal sediments comprises five depositional units / sedimentary
facies (Table 2; Appendices C and D). Facies 1 is clast-supported calci-gravel, that is
interpreted to have been deposited by erosive events that winnowed fine-grained material and
concentrated shells (Fig. 2A). An alternative interpretation for the calci-gravel is that is
represents rapid faunal die-off events. Facies 2 comprises rippled to cross bedded sand,
interpreted to be the product of migrating subaqueous dunes and ripples with minor wave
influence (Fig. 2B). Facies 3 consists of bioturbated sand, gravelly silty sand, or silty sand,
produced by thorough mixing of sandy substrates (i.e., Facies 2; Fig. 2C). Facies 4 is
composed of laminated to rippled silt, resulting from migration of silty subaqueous ripples
under high-concentrations of mud in the water column (Fig. 2D). Finally, Facies 5 is
bioturbated sandy silt and silt, which is the product of thorough biogenic mixing of silty
substrates (i.e., Facies 4; Fig. 2E).

4.2.2 Grain Size Distribution

Analysis of sediment samples from vibracores shows that grain size varies from sand to silt;
the fine fraction is not composed of grains smaller than 3.9 um (Figs. 3 and 4; Appendix D).
Cumulative proportion and frequency distribution plots demonstrate that most of the
sediment has a bimodal grain size distribution with a fine-silt and coarse-silt component, or a
coarse silt and sand component (Appendix D). Stratigraphic columns of all cores show
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alternations between beds of calci-gravel (shell layers), sand and silty sand, as well as sandy
silt and silt (Figs. 3 and 4; Appendix C).

4.2.3 Loss-on-Ignition

Analysis of sediment using LOI shows a range of values from 0.9 to 9.1%. Large LOI values
are usually associated with finer grained sediment, and smaller LOI values are characteristic
of coarser sediment. There was not an obvious relationship between LOI in cores and the
location of the core within the estuary, nor was there a clear stratigraphic pattern.

Figure 2: Core photographs and x-radiographs of the facies encountered in Ohiwa Harbour Cores. (A)
Uncemented bivalve-gastropod clast supported calci-gravel with mud matrix (Facies 1) from Core A, 0.16 m to
0.23 m. (B) Rippled sand (Facies 2) from Core F, 1.44 m to 1.51 m. (C) Bioturbated muddy sand with scattered
shell fragments (Facies 3) from Core C, 1.14 m to 1.20 m. (D) Laminated to rippled mud (Facies 4) from Core
A, 1.46 mto 1.53 m. (E) Bioturbated sandy mud with shell fragments (Facies 5) from Core A, 0.54 m to 0.61 m.



Table 2: Facies classification scheme.

. . s Qs Physical | Bioturbation . Process
Facies Thickness | Grain Size Structures i e Accessories I e o
More than
30% shells Erosive events
that are >2 Predominantly veev
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Facies 1: mm. May comprises matrix material
Clast 2-35 cm have sand Rare faint BI 5-6 bivalve shells, and condense
Supported or silt bedding. with shells OR rapid
Calci-gravel matrix. subordinate > rap
faunal die-off
Generally, gastropods.
clast faunal events.
supported.
Low-angle Migration of
Facies 2: tabular sandy
Rinpled t'o Fine sand | cross beds, subaqueous
Cro;pBe dded 6-130 cm | to medium current BI0-3 None. dunes and
Sand sand ripples, ripples. Minor
wave wind-wave
ripples. influence.
Scattered
Facies 3: bivalve and
Bioturbated Very fine gastropod Long-term
semd, sand to None shells, shell reworking of
Gravelly 16-44 cm coarse reserved BI 5-6 layers less than sand &
Muddy Sand, o P : 50% shell b trafes
and Muddy material, U ’
Sand comminated
plant debris.
Flows with high
gurrlzrslt concentrations
vffvy ’ of mud.
Facies 4: o A Migrating
Laminated to | 14-35cm Ségissell;[ii[? u{; (:Eilz:;ry BI0-2 None. ripples (rippled)
Rippled Mud ‘ ’ or quasi-
planar .
parallel laminar plug
.. flows
lamination. (laminated).
Scattered
bivalve and
Facies 5: Rare sﬁiTgOSI(l)e(:lll Long-term
Bioturbated 7.84 em Fine silt to normal BI 4-6 lavers léss than reworking of
Sandy Mud coarse silt. graded y5 0% shell muddy
and Mud laminae. o> substrates.
material,
comminated

plant debris.
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Figure 3: Simplified core lithologs from the nine vibracores collected across the harbour. See Appendix C for

detailed logs.
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Figure 4: Sand-silt-clay ternary plot showing the grain size characteristics of vibracores.
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4.4 Surface Sediment Analysis
4.4.1 Grain Size Distribution

Similar to the vibracores, surface sediment samples show a grain size that varies from sand to
sandy silt, with a fine fraction comprising silt (Fig. 4; Appendix E). Cumulative proportion
and frequency distribution plots indicate that most of the sediment has a bimodal grain size
distribution with a fine-silt and coarse-silt component, or a coarse-silt and sand component
(Appendix E).

Maps of mean grain size show that the perimeter of the harbour (e.g., sites A, D, G) has an
overall finer and more narrow range of grain sizes than sites located in the central portion of
the harbour (e.g., sites B, E, F) (Appendix F). The proportion of mud maps show the same
pattern, with higher proportions of silt along the harbour perimeter relative to the harbour
centre (Appendix F).

4.4.2 Loss-on-Ignition

Analysis of surface sediment for LOI yielded a range of 1.3 to 6.2% (Fig. 5; Appendix F).
Large LOI values were associated with fine grained sediments, with small LOI typical of
coarse-grained sediments. This general pattern is reflected in the spatial distribution of LOI,
with sites on the perimeter having higher mean values (e.g., sites A, D, G). In particular, site
D which is located near the mussel farm showed the highest overall LOI (Appendix F).
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Figure 5: Sand-silt-clay ternary plot showing the grain size characteristics of surface sediments.
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5. Discussion

5.1 Sediment Mixing Makes Radionuclide Analysis Unsuitable

The inability to determine contemporary or recent-historical SAR using 2!°Pb and **°Ra in
Ohiwa Harbour is likely the result of two factors: 1) Hydrodynamic mixing of near surface
sediment in the harbour, and 2) biotubation of the sediment column. Within a surface mixed
layer — the depth to which sediment is re-worked, primarily by biogenic processes — particles
can be brought from the surface to depth in as little as a few months to a year (Nittrouer et al.,
1984). The surface mixed layer is a zone where SAR cannot be determined.

It is well known that the barrier spits impounding Ohiwa Harbour undergo repeated episodes
of erosion and shoreline retreat that alternate with accretion and shoreline progradation
(Gibb, 1977; Smith, 1976). Bryan et al. (2008) demonstrated that these events occur on
decadal cycles in association with El Nifios and La Nifia episodes. The sedimentary
environments in the lower harbour are likely to be affected by such events, as well as more
regular wave activity (Richmond et al., 1984), which contributes to hydrodynamic sorting of
the sedimentsand associated organic matter for which 2!°Pb has an affinity (Keil et al., 1994).
By contrast, due to the generally low-energy environmental conditions of the upper harbour,
the impact of hydrodynamics in affecting the preservation of sediment organic matter and
210pp is considerably less.

Ohiwa Harbour contains a relatively divese and plentiful community of marine invertebrates
consisting of various bivalves, crustaceans, and gastropods (Richmond et al., 1984).
However, the bivavles Austrovenus stutchburyi (cockle) and Amphidesma astrale (pipi) are
the most conspicuous and densly populated invertebrates in the harbour (Fig. 7) (McArdle
and Blackwell, 1989; Paul, 1966). The infaunal animals supply aragonite (CaCOs3) in the
form of shell material, contribute to organic matter from faecal waste, and are a major agent
of sediment reworking; Richmond et al. (1984) estimate that the surface mixed layer extends
to a depth of between 20 and 30 cm and our results support that interpretation. In addition to
invertebrates, algae, eel grass, salt marsh plants, and mangroves are also widespread and in
some cases dense along the tidal flats (Fig. 7). Estuarine plants primarily bind the sediment
together (Richmond et al., 1984), and slow or prevent physical processes from erosion,
although to some degree their root systems also “rhizoturbate” the substrate. The effects of
bioturbation and rhizoturbation are clearly evident in cores, with very high bioturbation
intensity characterizing the bulk of the sediment column across the harbour.
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Figure 7: Major biofacies distribution map from Richmond et al. (1984)

5.2 Historical Comparison of Grain Size Distribution

The grain size of surface sediments across Ohiwa Harbour has been mapped several times
over the past five decades. Figure 8A is a map produced with the data collected by
(Richmond, 1977), which shows that in 1976 the muddiest parts of the estuary were located
in the southwest (up to 90% mud) and southeast (up to 56% mud). At that time the rest of the
estuary was relatively sandy, having mud proportions ranging up to ca. 30%.

The BoPCRC replicated Richmond’s sediment surveys in 2001 and 2010 (Stephen Park, pers.
comm.), as displayed in Figure 8B and C respectively, showing that there was a general
increase the proportion of mud through time. Importantly, the change in surface sediment
grain size has not been the same everywhere, and some areas have become sandier through
time. Overall, the maps suggest that the fringes of the estuary are the locations where changes
in sediment grain size are most pronounced. The map of mean grain size of the harbour
displayed in Richmond et al. (1984) and redrawn in our Figure 9 depicts a setting that
predominantly comprises very fine- to coarse-grained sand, even in the upper reaches.
Richmond et al. (1984)’s sand-silt-clay ternary plot shows the same pattern, with only 2
samples containing significant proportions of silt or clay.

Although the grain size data reported herein is focused around the coring sites, and therefore
does not span all environments within the estuary, it supports a notion that the harbour has
become muddier through time. Specifically, the margins of the harbour (sites A, D, G) are
muddier compared with older maps of sediment grain size (Appendix F). The data reported
herein shows that in the finest grained parts of the lagoon mud comprises up to 83-90% of the
sediment. This is compared to the rest of the sampled locations where the proportion of mud
seldom reaches greater than ca. 30%.

The shifts in sediment grain size over the past decades clearly demonstrates how dynamic and
changing the lagoon is. We cannot isolate individual causes of grain size variation, but we
can rule out the impact of any recent large-scale tectonic factors, such as earthquakes
(Hayward et al., 2004). However, smaller-scale subsidence along active faults may have
created accomodation which would affect the balance of marine versus land-derived
sediment. Matauranga Maori indicates that around the time of Polynesian arrival the eastern
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edge of the harbour entrance was rock (Willem De Lange, pers. comm.), while it is now
buried under 2-3 of sediment (Robinson, 2012). Cores described in Bell et al. (2004) suggest
that the eastern harbour subsided relatively recently. Furthermore, the effects of sediment
compaction under its own weight (i.e., 'autocompaction'; cf. Allen, 2000) may be causing
shifts in the locations of deposition and erosion in the harbour. To date, no one has
adequately characterized Ohiwa Harbour for its autocompaction trends, but Hayward et al.
(2004) estimated that compaction could vary from 20% to 50%, depending on the underlying
stratigraphy. More work will be needed in this space, which is also especially relevent to
backing out precise SAR values determined from radionuclide or stable carbon isotope
dating.
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Figure 8: Surface sediment distribution maps for Ohiwa Harbour from data collected in: (A) 1978-79; (B) 2001;
and (C) 2010. Data from 1978-79 is from (Richmond, 1977) and the 2001 and 2010 data is from Bay of Plenty
Regional Council (Stephen Park, pers. comm.).
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Figure 9: Map of the mean grain size of surface sediment redrawn from Richmond et al. (1984).

6. Summary and Conclusions

Vibracores, box cores, and surface sediment samples were collected from across Ohiwa
Harbour to assess sediment accumulation rates and to characterize the intertidal sediments.
The core locations were chosen for their proximity to existing BoPRC sediment plates.
Radionuclide activities (>!°Pb and ?*Ra) were measured from three of the cores in an attempt
to determine the SAR. Unfortunately, due to very low and irregular radionuclide activity
down the core no linear regression or constant rate of supply model could be applied to the
dataset. Notwithstanding the poor results, the quality of the data and laboratory methods was
considered high. It is probable that a combination of hydrodynamic mixing and bioturbation
sufficiently mixed the sediment column so as to make radionuclide analysis unsuitable for
determining SAR. The only conclusions that could be drawn from the radionuclide analysis
were that:

e In core D, sediments below ca. 30.5 cm are likely to be older than 67 years.
e In core E, sediments below ca. 23 cm are likely to be older than 45 years.
e Incore F, sediments below ca. 18 cm are likely to be older than 45 years.

Sedimentological analysis of the vibracores and box cores indicated that the intertidal
sediments within the harbour comprises five distinctive depositional units. These units will be
useful for future workers interested in reconstructing the evolution of sedimentation within
the harbour but require age-control before this will be possible. The units are:

e Clast-supported calci-gravel deposited by erosive events that winnowed fine-grained
material and concentrated shells, or alternatively produced by rapid faunal die-off
events.

e Rippled to cross bedded sand, the product of migrating subaqueous dunes and ripples
with minor wave influence.

e Bioturbated sand, gravelly silty sand, or silty sand, produced by thorough mixing of
sandy substrates.

e Laminated to rippled silt, resulting from migration of silty subaqueous ripples under
high-concentrations of mud in the water column.

e Bioturbated sandy silt and silt, which is the product of thorough biogenic mixing of
silty substrates.

Historical and new maps of the grain size of surface sediments clearly shows that, on the
whole, Ohiwa Harbour is becoming muddier through time, although in a non-linear and
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complex way; in some cases, parts of the harbour have shifted towards being sandier. The
perimeter of the harbour and the upper harbour are the main areas affected by a fining grain
size trend.

Finally, loss-on-ignition analysis indicates that organic carbon is more concentrated in fine-
grained sediment than coarser sediment. In cores there was no clear relationship between LOI
and stratigraphy (depth in cores) or position of the core within the harbour. However, surface
sediments display larger LOI along the perimeter of the harbour where the proportion of mud
is greater.

7. Recommendations

A few key recommendations can be made based on the results of this study and gaps
discovered during data collection and analysis:

e Longer-term (decades—millennia) SAR should be determined by carbon-dating the
abundant shell material contained within cores.

¢ In combination with the carbon-dating of shells, an assessment of sediment
autocompaction will help determine the causes of sedimentation and erosion in the
harbour.

e Repeat sediment surveys of Richmond (1977)’s sites should be undertaken at more
regular intervals. A minimum of one survey every 5 years is suggested.
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Appendix A — Radionuclide Methods

Determination of Lead-210 by Measurement of Polonium-210 using Alpha

Spectrometry

Sample Pre-treatment:

Dry bulk density measurement required if results will be used for
soil dating.

Freeze dry or oven dry as specified by client.
homogeneous powder.

Grind to

Preparation: Nitric acid digestion with subsequent plating onto silver
planchets.

Optional Cleanup: Distillation at ~500 °C

Detection: Alpha Spectrometry (60 000 second count time)

Detection Limits:
(95% confidence level)

0.5 g dry sample: MDL 0.05 DPM/g;

0.25 g dry sample: MDL 0.1 DPM/g

When clean-up is required the MDL for a 0.5 g sample is 0.2
DPM/g

Determination of Radium-226 by Radon-222 Emanation

Sample Pre-treatment:

Freeze dry or oven dry as specified by client. Grind to

homogeneous powder.

Preparation:

Acid digestion and Helium Strip

Detection:

Emanation / Alpha Spectrometry (60 000 second counting time)

Detection Limits:
(95% confidence level)

0.5 g dry sample: MDL 0.5 DPM/g

2 g dry sample: MDL 0.1 DPM/g

The lower limit will vary with weight and is determined by
counting error.
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Appendix D — X-radiographs of Boxcores
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Appendix E — Grain Size Distribution Plots

Core Cumulative Proportion Plots

100- 100 100
g A £ T E
c c c
5 80 H 80. H 80
5 5 H
2.60. 260 2.60.
2 2 2
o o o
_g 40 3 40 _g 40
= £ £
5 5 5
= . = =
E20 1 g20 £ 20
= - = 3
o = o o
o ; 04 o4
0.1 1 10 100 1000 0.1 i 10 100 1000 0.
Grain Diameter (um) Grain Diameter (um)
100 100 100
8 g 8
£ 80 £ 80. £ 80
] 2 2
t t t
o =3 =]
2.60 260 2.60.
o o e
4 2 4
o o o
.g 40 .g 40 .g 40
s £ £
L] S S
=] =] =1
£ 20 £20 £ 20
3 = =
o . 3] o 2
T 110 100 1000 g i 10 100 1000 ¥ 1. 10 100 1000
Grain Diameter (pm) Grain Diameter (um) Grain Diameter (um)
100 100
£ g
e c
.° & -a o
g g
Q.60. 2.60.
2 2
o [
g 40. g 40.
s s
K] K]
3 =
£ 20 £20
= =
3] o
5 o 7000

1. 10 100
Grain Diameter (pm)

R W TTTEUE TITIOUE
. - i a—— 1




42

Core Frequency Distribution Plots
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Surface Sediment Cumulative Proportion Plots
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Surface Sediment Frequency Distribution Plots

44

“TA “TB “T8
30 J 304 30 —I
3525 g 254 g 25.
2 20 2 201 2 20
3 3 3
21 215 i 2 15
2 2 /f‘r'\‘ E
o 10 o 104 \. o 10
5 51 5
o S : o - > o
0.1 1 10 100 1000 0.1 1 10 100 1000 0.1
Grain Diameter (pm) Grain Diameter (pm) Grain Diameter (um)
15 ) 35 £ aE
30 30 30
g g 25 £
3 20 3 20 2 20
8 g 1
a1 ERL 3 15
2 @ g \
o 10 o 10 o 10 /
f‘
5 5 5 .
o . . 0 0 e ——. e
0.1 1 10 100 1000 0.1 1 10 100 1000 0.1 1 10 100 1000
Grain Diameter (pm) Grain Diameter (um) Grain Diameter (pm)
35
G —TIT40E TTBUE T 0UE
30 B 4
g 25
2 20
3
3 15
?_.10
5
0 ‘ — -
0.1 1 10 100 1000

Grain Diameter (um)




45

Appendix F — Grain Size and Loss on Ignition Maps

Mean Grain Size
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Proportion of Mud
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Loss on Ignition
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