
1. Introduction
A basic means to establish and understand variations in climate and ocean water properties is through sediment 
mass accumulation rates (MARs), which are quantified measurements of solid material flux to the seabed (mass 

Abstract Sediment mass accumulation rate (MAR) is a proxy for paleoceanographic conditions, especially 
if biological productivity generated most of the sediment. We determine MAR records from pelagic calcareous 
sediments in Tasman Sea based on analysis of 11 boreholes and >3 million seismic reflection horizon picks. 
Seismic data from regions of 10,000–30,000 km2 around each borehole were analyzed using data from 
International Ocean Discovery Program Expedition 371 and other boreholes. Local MAR was affected by 
deepwater currents that winnowed, eroded, or deposited seafloor sediment. Therefore, it is necessary to average 
MARs across regions to test paleoceanographic and productivity models. MARs during the Miocene Climate 
optimum (18–14 Ma) were slightly lower than Quaternary values but increased on southern Lord Howe Rise 
at 14–13 Ma, when global climate became colder. Intensification of the Indian and East Asian monsoons at 
∼8 Ma and ∼3.6 Ma approximately corresponds to the start and end, respectively, of the Biogenic Bloom, 
which had MARs at least double Quaternary values. On northern Lord Howe Rise, we recognize peak MARs 
at∼7 Ma and ∼5 Ma. There is no correlation between Neogene MAR and ocean pH or atmospheric CO2 
concentration. Neogene MARs are on average higher than Quaternary values. We posit that future long-term 
productivity in the southwest Pacific could be higher than Quaternary values, but new computer models that 
can fit our observations are required to test this hypothesis.

Plain Language Summary Global climate is likely to get warmer, and we want to know what will 
happen to marine life. We can study ancient warm periods to better predict the future. The ocean is a global 
carbon sink, because some organisms form shells by combining calcium with carbon dioxide dissolved in 
seawater. Once dead, their calcium carbonate shells sink to the seabed. Over millions of years, the southwest 
Pacific accumulated huge deposits. We used geophysical surveying and drilling to measure this history of 
deposition, which is a proxy for ancient biological productivity (how much marine life existed). A warm period 
18–14 million years ago had high atmospheric carbon dioxide (2–4 times preindustrial levels) and slightly lower 
ocean productivity. In contrast, 8–4 million years ago, atmospheric carbon dioxide was similar to predicted 21st 
century levels and productivity was much higher: more than double recent values. Rates of calcium carbonate 
deposition in the past do not correlate with ocean acidity or atmospheric carbon dioxide; but they were mostly 
higher than today. Hence, long-term biological productivity and carbon sequestration in the southwest Pacific 
might increase in future, but computer models that fit our observations are needed to test this idea.
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Key Points:
•  Marine carbonate productivity in 

Tasman Sea varied by a factor of 3–5 
since 25 Ma

•  Peak Neogene productivity was at 
7–5 Ma and was more than double 
that since 2 Ma

•  Currents and gravity flows resulted 
in high spatial variability of mass 
accumulation rate
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divided by time and area; Equation 1; Brummer & Van Eijden, 1992).

MAR = 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆 (1)

where 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑 is the average dry bulk density and 𝐴𝐴 𝐴𝐴𝐴𝐴 is sedimentation rate, which is the observed thickness of a 
unit divided by the depositional time (difference in age between its base and top). MARs account for changes in 
porosity during burial, so MARs are a more useful proxy for original input at the seabed. This paper quantifies 
MARs in Neogene carbonate-rich sediment across northern Zealandia in Tasman Sea, an expansive and relatively 
shallow (<3,000 m) seafloor area of the southwest Pacific.

Sediment MARs vary across space and time because multiple processes add and remove solid material to and 
from the seafloor. In general, for pelagic sediment away from continents, MARs primarily relate to the export of 
biogenic tests formed in surface waters, their dissolution by corrosive undersaturated bottom water, and dilution 
by siliciclastic and volcanic components (Brummer & Van Eijden, 1992). Changing climate–ocean conditions, 
such as primary productivity and carbonate saturation horizons, will be manifested in MAR records.

Gravitational settling of biogenic particles in the ocean is of interest to the paleoceanography community, because 
it is the primary means to shuttle carbon from the shallow ocean to the deep ocean (Berner et al., 1983; Boyd 
et al., 2019), where it either is stored for centuries in slow-moving deepwater masses or becomes entombed in 
seabed sediments (at a rate of the MAR multiplied by dry weight % of carbon in sediment). So, how and why has 
ocean productivity and hence MAR varied during the Neogene in places such as northern Zealandia? Models 
that can explain past changes over large regions of seafloor may also be able to predict how ocean productivity 
will change in future.

Deep-sea drilling has revealed an interesting find of global importance in this regard: sediment at numerous 
open-ocean locations and of late Miocene and early Pliocene age (between 8 and 4 Ma) has much higher MARs 
for biogenic components (e.g., carbonate, silica, phosphorous, and barium) than previous or subsequent time 
intervals. This is particularly true for sites in the Pacific and Indian Oceans that lie beneath areas marked by high 
present-day surface-water productivity (Dickens & Owen, 1999; Drury, Lee, et al., 2018; Farrell et al., 1995; Rea 
et al., 1991; Van Andel et al., 1975). However, available records suggest that high biogenic sedimentation rates 
also may have occurred in parts of the Atlantic (Diester-Haass et al., 2004, 2005; Drury, Westerhold, et al., 2018; 
A. E. Holbourn et al., 2018). The phenomenon of widespread elevated biogenic MARs during the late Miocene 
and early Pliocene has been coined the “Biogenic Bloom” (Farrell et al., 1995), and its significance lies in realiz-
ing that nutrients limit primary productivity in most surface waters and these nutrients have relatively short oce-
anic residence times. Scores of sites recording elevated biogenic output to the seafloor for several million years 
implies a greater supply of key nutrient elements to the ocean (e.g., through weathering), a redistribution of key 
elements within the ocean (e.g., through changes in thermohaline circulation), or both (Dickens & Owen, 1999).

A full appreciation of the Biogenic Bloom needs greater delineation of its global extent. For example, in the 
eastern equatorial Pacific, sites along the equator show greatly elevated accumulation of biogenic components 
between 8 and 4 Ma, whereas sites several degrees north do not (Farrell et al., 1995; Lyle, 2003; Van Andel 
et al., 1975). Of special interest is northern Zealandia, a large submerged continent beneath Tasman Sea in the 
midlatitudes of the southwest Pacific Ocean (Figure 2). The region has complex oceanography and a seafloor 
lying above the calcite compensation depth (CCD). Previous work, particularly coming from cores of Deep 
Sea Drilling Program (DSDP) Leg 90 (Sites 588–593; Figure 2), indicates a Neogene peak in carbonate MARs 
between 8 and 4 Ma (Grant & Dickens, 2002; Kennett & Von der Borch, 1986). However, MAR records at in-
dividual sites may be influenced by sediment transport mechanisms, particularly reworking by bottom currents 
and sediment gravity flows. So, suggestions for greater biogenic sediment accumulation rate over wide areas of 
Tasman Sea during the late Miocene and early Pliocene remained tenuous with available data.

Recent results from International Ocean Discovery Program (IODP) Expedition 371 Sites U1506–U1510 (Suth-
erland et al., 2019) combined with new interpretations of a compilation of many seismic reflection surveys (Suth-
erland et al., 2012, 2017) provide a strong basis for us to look again at Tasman Sea and to evaluate how MAR 
values have changed since the Oligocene and identify spatial variability of events such as the late Miocene to Pli-
ocene Biogenic Bloom. We tie seismic reflection mapping to boreholes and resolve regional variability in MAR 
values through time, and we use spatial averaging to distinguish local depositional effects from regional change. 
Although we focus on the Neogene, we extend our study back into the Paleogene, because onset of the Antarctic 
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Circumpolar Current and hence an ocean circulation scenario broadly similar to today was established at around 
the Eocene–Oligocene boundary (Kennett, 1977). Our greatly enlarged MAR data set provides an observational 
test for climate models, may be useful to identify targets for future drilling, and our observations of regional MAR 
variability in the Tasman Sea might be applicable elsewhere.

2. Tasman Sea Setting
Tasman Sea is a prime target for paleoceanographic studies, because it is in a key location between the largest 
equatorial and subantarctic ocean currents (Figure  1) and has large areas of moderate water depths that are 
above the CCD (Figure 2). Water depths vary from ∼1,000 to 2,000 m on Lord Howe Rise and Norfolk Ridge to 
∼2,000–3,500 m in New Caledonia Trough (Figure 2). These relatively shallow depths reflect the tectonic origin 
of underlying crust of northern Zealandia, which is a continental fragment that rifted from eastern Australia 
in the Cretaceous (Mortimer et al., 2017; Sutherland, 1999). Tasman Abyssal Plain formed between ∼83 and 
52 Ma, when seafloor spreading opened Tasman Sea (Gaina et al., 1998). Eocene–Oligocene initiation of west-
ern Pacific subduction systems caused subsidence of New Caledonia Trough and uplift and deformation (Baur 
et al., 2014; Sutherland et al., 2010, 2020). The same Eocene event resulted in diffuse deformation (the “tectonic 
event of the Cenozoic in the Tasman Area,” TECTA) and transient shallowing of Lord Howe Rise (Sutherland 
et al., 2017, 2020). Crust east of Norfolk Ridge was formed by Oligocene to Recent arc and back-arc processes 
(Herzer et al., 2011; Mortimer et al., 1998; Schellart et al., 2006).

Today, the southward-flowing Eastern Australian Current hugs the eastern margin of Australia as part of a return 
flow from the westward-flowing Pacific Equatorial Current (Figures 1 and 2). Argo floats show that it penetrates 
to at least 1,000 m water depths (Chiswell et al., 2015). Westerly winds at midlatitudes drive eastward flow so 
that a component of this current diverges from Australia into the south Pacific to form a series of easterly flow-
ing ocean fronts and flow filaments (Ridgway & Dunn, 2003). The Tasman Front is a complex field of eddies 
at the southern edge of the main tropical-derived water mass and currently lies between eastern Australia and 
northern New Zealand at 31°–36°S latitude (Oke, Pilo, et al., 2019; Oke, Roughan, et al., 2019). By contrast, the 
Subtropical Front separates the residual Eastern Australian Current from subantarctic water, and it passes just 
south of New Zealand (H. C. Bostock et al., 2015). South of Australia, the Subantarctic Front, and main flow 

Figure 1. Generalized map of active global ocean currents (blue arrows; after data from www.noaa.gov) and seabed covered 
in sediment that contains high calcium carbonate content (blue shade; calcareous ooze, mixed calcareous/siliceous ooze, 
shells and coral fragments, and fine-grained calcareous sediment; Dutkiewicz, Müller, et al., 2015). The South Pacific Gyre 
has the Pacific Equatorial Current (PEC) to its north and Antarctic Circumpolar Current (ACC) to its south. Region name 
abbreviations are NIN, northern Indian Ocean; WIN, western Indian Ocean; EIN, eastern Indian Ocean; WEP, western 
equatorial Pacific; EEP, eastern equatorial Pacific; TAS, Tasman Sea; NAT, northern Atlantic; EAT, equatorial Atlantic; SAT, 
southern Atlantic. Red box shows the study area (Figure 2).
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of the Antarctic Circumpolar Current (Carter et al., 2008; Rintoul et al., 2001) complete the South Pacific Gyre 
(Figures 1 and 2).

Deep ocean circulation in Tasman Sea is dominated by Circumpolar Deepwater, because shallow bathymetry of 
northern Zealandia creates a barrier to Pacific Deepwater (Chiswell et al., 2015). Lower Circumpolar Deepwater 
forms a northward-flowing boundary current adjacent to Australia (beneath the southward-flowing residual East 
Australian Current) that diverges eastward beneath the Tasman Front (Chiswell et al., 2015).

The Tasman seabed has been sampled by shallow cores and is carbonate rich in most places except Tasman 
Abyssal Plain (Figure 3). Noncarbonate terrigenous sediment is found at locations close to land or in and around 
submarine canyons and troughs that confine gravity flows derived from terrestrial sources. Local highs swept 
by currents may be encrusted in manganese or/and phosphate and have rich benthic communities of corals and 

Figure 2. Map of Tasman Sea bathymetry (color shading, ETOPO data set, https://www.ngdc.noaa.gov/mgg/global/) and 
surface ocean currents (red arrows, white fill) after Ridgway and Dunn (2003). Yellow circles are Deep Sea Drilling Program 
(DSDP)/International Ocean Discovery Program (IODP) drill sites and yellow stars are IODP Expedition 371 sites. Black 
lines are locations of seismic reflection data.
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bryozoans (de Forges et al., 2000; Nelson et al., 1982). Tasman Abyssal Plain is clay rich, because it lies well 
beneath the lysocline, which was at ∼3,100–3,600 m depth during the Pleistocene (Martinez, 1994; Figure 4). 
The CCD varies across the region but is above the abyssal seabed depth (4,500–5,000 m). This has likely been the 
case for most of the Neogene, based on the thin (<20 m) clay-dominated Neogene sequences sampled at DSDP 
Site 283 (Kennett et al., 1974) and IODP Site U1511 (Sutherland et al., 2019, 2020; Figure 3).

In this paper, we analyze data from cores of carbonate-rich (generally >80%) Oligocene to Recent sediment 
recovered from 11 sites that span a wide geographical area with moderate water depths of 1,000–3,600 m (Fig-
ures 2–6). We determine multiple bulk sediment MAR history curves for subregions of Tasman Sea, based on 
analysis of boreholes (Figure 5 and Figures S1–S7 in Supporting Information S1) and seismic reflection data 
(Figures 7–9 and Figures S8–S14 in Supporting Information S1).

Figure 3. Map of Tasman Sea carbonate content of seabed samples. Data from IODP (http://www.iodp.org/), the Australian 
Marine Sediments database (MARS, http://dbforms.ga.gov.au/pls/www/npm.mars.search), and from around New Zealand (H. 
Bostock et al., 2019).
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Strata beneath Lord Howe Rise and New Caledonia Trough were first drilled 
during DSDP Leg 21 at Sites 206, 207, and 208 (Figure 2; Burns et al., 1973). 
Oligocene to Recent calcium carbonate ooze and chalk overlies siliceous and 
muddy chalk of Cretaceous to Eocene age, with a regional Eocene–Oligo-
cene unconformity that has been inferred to signify onset of the Antarctic 
Circumpolar Current (J. Kennett et al., 1972; Kennett, 1977). More sophisti-
cated Advanced Piston Core sampling and multiple coring of the Oligocene 
to Recent sequence in the same region was carried out during DSDP Leg 
90 at Sites 587–593 (Kennett et al., 1986). IODP Expedition 371 sampled 
new Sites U1506–U1510 (Figure 2; Sutherland et  al.,  2019). Except for a 
Pleistocene interval at Site U1509 in Reinga Basin with significant bryozoan 
fragments, almost all the carbonate consists of calcareous nannofossil and 
planktonic foraminifera tests (see references above).

3. Methods
3.1. Physical Properties and Ages

Physical property measurements were determined on discrete sediment sam-
ples from all sites drilled during IODP Expedition 371. These included wet 
and dry bulk density, grain density, water content, porosity, and P wave ve-
locity (Sutherland et al., 2019). We used meters below seafloor (mbsf) rath-
er than other depth scales (e.g., meters composite depth) which, while con-
structed to render more complete sections, inflate true depth.

Most sediment in the region has similar grain density (∼2,700 kg m−3), so differences in wet and dry bulk density 
reflect differences in porosity. Downhole trends in physical properties are broadly similar in all the calcareous 
ooze and chalk intervals that accumulated since the Oligocene. Porosity measurements have higher variability 
between adjacent samples in the same borehole than they do between boreholes (Figure 6). The exception to 
this is Site U1508, where there does appear to be significantly higher porosities (Figure 6; possibly due to local 

overpressure and active migration of hydrocarbons), but it is not clear that 
U1508 would be representative of the adjacent depocenter, where most of 
the seismic reflection data that we analyze were collected. For these reasons, 
we use a single regional compaction model (porosity as a function of depth).

Ages generated for IODP Expedition 371 Neogene sediment sections come 
primarily from calcareous nannofossils and paleomagnetism, with support-
ing evidence from foraminifera and radiolaria (Sutherland et al., 2019). Ab-
solute ages of fossil datums were calibrated to the Geological Time Scale 
2012 (Gradstein et al., 2012). Microfossil datums for DSDP sites in the re-
gion (Burns et al., 1973; Kennett et al., 1986) were reviewed and age models 
for sedimentation at these sites were updated to reflect currently adopted ages 
for the biostratigraphic datums (Tables S1 and S2 in Supporting Informa-
tion S1) and hence they conform with age models used for IODP Expedition 
371 (Figure 5).

3.2. MAR Calculation

We calculate total MAR, because it is robust, but note that the concentration 
of carbonate varies across the region and through time (Figure 6). This cor-
rection is discussed later, but not included in our quantitative estimates, be-
cause we have insufficient compositional data to build a model of carbonate 
concentration with space and time. For the late Neogene period of most inter-
est, the carbonate content is consistently ∼90% (Figure 6).

Figure 4. Carbonate content of seabed samples (for locations see Figure 3) 
plotted as a function of water depth for the Tasman Sea abyssal plain and Lord 
Howe Rise region (155°–167°E, 25°–43°S). Data sources are the same as 
Figure 3.

Figure 5. Age versus depth in boreholes considered during this study. For 
locations see Figure 2, for age models, see Tables S1 and S2 in Supporting 
Information S1 and Sutherland et al. (2019).



Paleoceanography and Paleoclimatology

SUTHERLAND ET AL.

10.1029/2021PA004294

7 of 22

We consider the sediment pile as a series of layers and, based on many meas-
urements of samples, assume constant grain density of 2,700  kg  m−3. All 
depths and two-way travel times for seismic reflections are measured down-
wards and relative to a zero datum at the seabed. The top of layer 𝐴𝐴 𝐴𝐴 is at depth 

𝐴𝐴 𝐴𝐴𝑙𝑙 , two-way travel time 𝐴𝐴 𝐴𝐴𝑙𝑙 , and it has age 𝐴𝐴 𝐴𝐴
𝑡𝑡𝑡𝑡𝑡𝑡

𝑙𝑙
 . The base of layer 𝐴𝐴 𝐴𝐴 is at depth 

𝐴𝐴 𝐴𝐴𝑙𝑙+1 , two-way travel time 𝐴𝐴 𝐴𝐴𝑙𝑙+1 , and has age 𝐴𝐴 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑙𝑙
 . The base of one layer is the 

top of the next one down, but it may not have the same age if an unconformity 
exists. We reformulate Equation 1 into Equation 2 to determine MAR at age 

𝐴𝐴 𝐴𝐴
(

𝐴𝐴
𝑡𝑡𝑡𝑡𝑡𝑡

𝑙𝑙
< 𝐴𝐴 < 𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑙𝑙

)

 from layer 𝐴𝐴 𝐴𝐴 .

MAR𝐴𝐴 =
𝜌𝜌𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∫

𝑧𝑧𝑙𝑙+1

𝑧𝑧𝑙𝑙
(1 − 𝜙𝜙)𝑑𝑑𝑧𝑧

𝐴𝐴𝑏𝑏𝑔𝑔𝑏𝑏𝑏𝑏

𝑙𝑙
− 𝐴𝐴

𝑡𝑡𝑡𝑡𝑡𝑡

𝑙𝑙

 (2)

The porosity 𝐴𝐴 𝐴𝐴 is fit empirically to data as a function of depth (Figure 6 and 
Equation 3).

𝜙𝜙 = 𝜙𝜙0𝑒𝑒
−𝑧𝑧∕𝐿𝐿 (3)

The best fit model has porosity at the seabed of 𝐴𝐴 𝐴𝐴0 = 0.66 and compaction 
length 𝐴𝐴 𝐴𝐴 = 975  m. We assume a single model for the whole region. Equa-
tion 2 can now be solved (see Equation 4) for layers with defined depths and 
ages for the top and bottom of each layer.

∫

𝑧𝑧𝑙𝑙+1

𝑧𝑧𝑙𝑙

(1 − 𝜙𝜙)𝑑𝑑𝑧𝑧 = (𝑧𝑧𝑙𝑙+1 − 𝑧𝑧𝑙𝑙) − 𝜙𝜙0𝐿𝐿
(

𝑒𝑒−𝑧𝑧𝑙𝑙∕𝐿𝐿 − 𝑒𝑒−𝑧𝑧𝑙𝑙+1∕𝐿𝐿
)

 (4)

For borehole data, we take layer boundaries to be the depths of age datums, 
which gives us maximum temporal resolution. If there are 𝐴𝐴 𝐴𝐴 boreholes in a 
subregion, we calculate an average MAR for each age from them.

MAR
����ℎ����
� = 1

�
∑�=�

�=1
MAR����ℎ��� �

� (5)

For horizons picked from seismic reflection data, we convert two-way travel 
time, 𝐴𝐴 𝐴𝐴 , of layer boundaries to depth using an empirical function (Equation 6) 
determined during IODP Expedition 371 from physical properties measure-
ments, wireline logs, and comparison between seismically interpreted uncon-
formities and borehole results (Sutherland et al., 2019).

𝑧𝑧 = 306.6𝑡𝑡2 + 823.4𝑡𝑡 (6)

The age of each seismic horizon at the borehole was determined using linear interpolation of the borehole age 
model to the computed depth (Tables S3–S6 in Supporting Information S1). The travel time to the Eocene–Oligo-
cene unconformity can be determined independently from its characteristic reverse polarity (Stratford et al., 2018) 
and other unconformities provide additional local independent checks on the 𝐴𝐴 𝐴𝐴(𝑡𝑡) relationship, because they can 
be recognized as breaks in the age model or/and have lithological expression (see Supporting Information S1).

Each common depth point (CDP) on each seismic line that has horizon picks sufficient to define layers that can 
be tied to at least one borehole can be used to estimate a MAR history. For each region, we calculate a mean 
(Equation 7) and standard deviation from the 𝐴𝐴 𝐴𝐴 CDPs.

MAR
�������
� = 1

�
∑�=�

�=1
MARCDP �

� (7)

We calculate a combined MAR history (Equation 8) to take advantage of the high temporal resolution of bore-
holes and high spatial sampling of seismic reflection data.

Figure 6. Compilation of relevant data from IODP Expedition 371 
(Sutherland et al., 2019). (a) Porosity as a function of depth and (b) calcium 
carbonate dry weight % as a function of sample age.
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MAR� = 1
2

MAR
����ℎ����
� + 1

2
MAR

�������
� (8)

The MAR value derived from seismic reflection mapping is given equal weight to that derived from all boreholes 
in the same analysis, because there are millions of CDPs but only a few boreholes in each region. This approach 
means that seismic data, which have relatively low temporal resolution but good spatial distribution, influence 
low-frequency trends in MAR history curves, whereas borehole data provide both high- and low-frequency sig-
nals but may contain spatial bias.

3.3. Correlation and Resolution of Seismic Units

Subtle changes in sediment composition over time result in layers with different physical properties and hence 
seismic impedance. The resulting motifs in seismic reflection images allow regional correlation and mapping 
of sediment packets away from boreholes over significant distances, and in some cases between boreholes. Two 
factors interrupt continuity of reflectors and challenge regional mapping: (a) ocean currents and local sediment 

Figure 7. Interpretation of seismic reflection line GA302-009 on northern Lord Howe Rise (LHRN) near Site 208. For ages of reflectors, see Table S3 in Supporting 
Information S1.
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gravity flows influence deposition, which means that strata can contain local unconformities or steep bedforms 
(e.g., channels) and (b) burial causes differential compaction and development of polygonal faults.

Seismic reflection data used in this study were collected using a variety air-gun sources (Sutherland 
et al., 2012, 2017), but all data reliably image the upper 1 s twt of sediment beneath the seabed, which is all 
that we require. The frequency content of seismic reflection data limits vertical resolution, with one wavelength 
typically corresponding to ∼30–50 m of depth. Layers that were deposited with high sedimentation rate have rel-
atively small age difference between reflectors, but times of low sedimentation rate have low temporal resolution. 
Given the ∼200–600 m thickness of Oligocene to Recent sediments, we can resolve ∼5–15 reflectors, and only 
some of those occur in distinctive packets that can be mapped regionally. We define as many reflectors as we 
can at each borehole (e.g., Figures 7–9 and Supporting Information S1) and map them as far as we can reliably. 
We use nomenclature derived from Bache et al. (2012) for example, U-REIN-9 means seismic unit 9 in Reinga 
Basin. The corresponding top bounding reflector is named UB-REIN-9. The four-letter code in the middle is an 
abbreviation that indicates the region.

Figure 8. Interpretation of northern Lord Howe Rise high-resolution seismic reflection line TAN1409-LHRN-06 near Site U1506. For ages of reflectors, see Table S3 
in Supporting Information S1. Note particularly complex bedforms within U-LHRN-8 (11.9–6.7 Ma) that are interpreted as caused by bottom currents.
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4. Results
4.1. Tasman Sea Subregions

4.1.1. Northern Lord Howe Rise (LHRN)

An excellent high-fold seismic reflection data set (GA302, e.g., Figure 7) images rift basins and overlying Ce-
nozoic sediment in the vicinity of Site 208 (redrilled and triple cored as Site 588) and Site U1506 (Higgins 
et al., 2015; Sutherland et al., 2019). The Oligocene to Recent sequence is thick and nearly continuous at Site 208 
(Figure 7) but has more complex internal geometry near Site U1506 (Figure 8). Most reflectors can be mapped 
∼295 km between the two borehole sites, and these are given prefix LHRN. A few reflectors are mapped locally 
near each site and given the site name as a prefix. Figure 11a includes analysis of six borehole sites (U1506, 208, 
588, 589, 590, and 591) and seismic mapping near Sites U1506 and 208 (Figure 2).

Figure 9. Interpretation of southern Lord Howe Rise high-resolution seismic reflection line TAN1409-LHRS-02 near Site U1510. Note evidence for current scour of 
U-1510-8 and fill by U-1510-9.
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MAR increased from 5 to 15 kg kyr−1 m−2 in the late Oligocene (∼25 Ma) and then fluctuated in the range 15–
20 kg kyr−1 m−2 from 23 to 13 Ma (Figure 11). MAR rapidly rose to ∼30 kg kyr−1 m−2 at 13 Ma and it is notable 
that the scatter in MAR values between sites shows high spatial variability during the period 13–8 Ma, suggesting 
a period of stronger bottom-current activity than the earlier period. During the late Miocene to early Pliocene 
∼8–3 Ma, there were high accumulation rates that reached peaks of about 50–60 kg kyr−1 m−2, with distinct peaks 
at ∼7 Ma and ∼5 Ma. There were consistently higher accumulation rates at all sites through late Miocene to early 
Pliocene time. MAR values during the late Pliocene to Pleistocene fell from 60 to 10 kg kyr−1 m−2 and seismic 
reflection mapping reveals significant lateral variability in Quaternary sediment thickness, consistent with strong 
bottom-current activity.

4.1.2. Southern Lord Howe Rise (LHRS)

Seismic reflection coverage of southern Lord Howe Rise is sparser and more variable in quality than northern 
Lord Howe Rise. Stratigraphic mapping is also made difficult by the relatively thin units, combined with lateral 
thickness variations and several volcanic features that interrupt continuity. A region of about 10,000 km2 was 
mapped, with age calibration provided by Sites U1510, 207, and 592.

Two unconformities (UB-U1510-8 and UB-U1510-6) were identified at Site U1510 bounding four seismic 
subunits (Figure 9). Seismic unit U-U1510-6 is Eocene clayey calcareous chalk with bioclasts punctuated by 
cherty limestone and chert. Folds within U-1510-6 are associated with reverse faults (TECTA) and onlapping 
growth strata (UB-1510-6a) indicate progressive deformation. An Eocene–Miocene unconformity (reflector 
UB-LHRS-6, which is equivalent to UB-1510-6 and UB-207-6) was sampled at U1510 and 207, with Oligo-
cene confined to a broad channel feature found near Site 592. Miocene to Pleistocene seismic units U-LHRS-7, 
U-LHRS-8, and U-LHRS-9 are composed of calcareous ooze. The lower to middle Miocene is mapped regionally 
as U-LHRS-7, which contains local unconformities interpreted as current scours, and strata onlap older folds and 
volcanic edifices in the southeast of the mapped region. At Site U1510, there is a hiatus or highly condensed 
interval that spans 13–4 Ma, which corresponds laterally to a relatively thick unit U-LHRS-8 (Figure 9). Plio-
cene–Quaternary U-LHRS-9 is generally thin, but can be much thicker in scours, such as found at Site U1510, 
where beds of foraminiferal ooze have fine sand grain size.

The Oligocene and earliest Miocene is restricted to channel features and topographic lows that we have insuf-
ficient data to map adequately, and we have only one borehole (592) for age control. From 18 to 13 Ma, MAR 
was 8–12 kg kyr−1 m−2 (Figure 11) and there is evidence for local lateral variability and bottom-current activity. 
The significant unconformity at Site U1510 reveals a change in current activity and local enhancement of bottom 
scouring during the interval 13–4 Ma. Seismic unit U-LHRS-8 and Sites 592 and 207 reveal a regional increase 
in MAR during the late Miocene with peak values of ∼30 kg kyr−1 m−2 at 4–6 Ma. MAR values since 4 Ma have 
been more variable at 10–20 kg kyr−1 m−2, though seismic mapping suggests regional values away from the bore-
holes, which are located close to the crest of the rise could still be as high as ∼30 kg kyr−1 m−2.

4.1.3. Northern New Caledonia Trough (NCTN)

Northern New Caledonia Trough was mapped over 15,000 km2 using high-quality seismic reflection data (Fig-
ures S11–S13 in Supporting Information S1). Age and sediment information is derived from Site U1507, which 
is located on the basin floor adjacent to Norfolk Ridge. The seabed gently slopes toward the axis of the trough, 
and swath bathymetry images reveal subtle relief associated with basin floor fans that are derived from incised 
canyons on the lower part of nearby Norfolk Ridge slope (Figure S11 in Supporting Information S1). Seismic 
reflection interpretation reveals a series of debris flows derived from the flank of Norfolk Ridge, and sediment 
cores from Site U1507 contain abundant evidence for sediment gravity flows derived from the ridge. Therefore, 
MAR values derived from around Site U1507 broadly reflect MAR from the flank of Norfolk Ridge but are high-
er than local pelagic sedimentation rates, because we have mapped a local depocenter that accumulates sediment 
from a broader region through concentration by sediment gravity flows to the basin floor.

Eocene chalk and limestone correspond to seismic unit U-NCTN-5 (43–37 Ma). Eocene to early Miocene seismic 
units U-NCTN-6 (37–24 Ma) and U-NCTN-7 (24–20 Ma) are clayey chalk and volcanic turbidites derived from 
a large submerged volcano near the crest of Norfolk Ridge (Figure S11 in Supporting Information S1; Sutherland 
et al., 2019), where dredging yielded a volcanic age of 26 Ma (Mortimer et al., 2018). Seismic units U-NCTN-7, 
U-NCTN-8, and U-NCTN-9 comprise clayey calcareous ooze and chalk with many reworked fossils (Sutherland 
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et al., 2019). There is erosion by gravity flows at the base of U-NCTN-8. U-NCTN-7 and U-NCTN-8 are affected 
by polygonal faults.

Seismic subunits U-NCTN-9b and U-NCTN-9c are onlapped by a major infilling unit with horizontal laterally 
continuous moderate-amplitude reflectors with intercalated bodies of transparent to chaotic facies interpreted as 
large-scale mass transport deposits. Consequently, we reinterpret the two first-occurrence biostratigraphic datums 
in this sequence as reworked from older sediment at the basin flank and obtain a revised age model with uniform 
sedimentation rate since 5 Ma (red line in Figure S6 in Supporting Information S1), that is, there is no age control 
on Pliocene–Quaternary stratigraphy. The presence of Amaurolithus primus beneath 17.8 m and abundant evi-
dence for gravity flows is consistent with rapid deposition during the Biogenic Bloom and subsequent reworking 
of that sediment, that is, high pelagic input during the Biogenic Bloom causing slope instability and gravity flows, 
with probably lower (unresolved) Quaternary rates of pelagic sediment input.

MAR dropped from 50 to 60 kg kyr−1 m−2 in the Eocene–Oligocene to 6–12 kg kyr−1 m−2 at 13–11 Ma (Figure 10) 
but note that calcium carbonate concentration of Oligocene and early Miocene sediments was in many cases <50% 

Figure 10. Interpretation of Reinga Basin high-resolution seismic reflection line REI09-012 near Site U1508. Note expansion of U-REIN-8 in the basin axis as a hiatus 
is developed on the basin flank near Site U1508.
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due to volcaniclastic input. MAR increased from 11 Ma to ∼50 kg kyr−1 m−2 at 8–5 Ma (Figure 11). There is rel-
atively poor age control on strata younger than 5 Ma, but the average MAR since 5 Ma was 30–40 kg kyr−1 m−2.

4.1.4. Reinga Basin (REIN)

A high-quality seismic reflection data set exists for Reinga Basin and we mapped a region of 30,000 km2 near 
Site U1508. We follow previous seismic unit nomenclature (Bache et al., 2012; Orr et al., 2020). U-REIN-4 and 
U-REIN-5 (48–34 Ma) are composed of folded, faulted, and onlapping reflectors that record progressive TECTA 
deformation (Figure 9). U-REIN-6 and U-REIN-7 (34–13 Ma) have fanning reflectors that onlap and downlap, 
and volcanic and clastic input is evident in channelized slope deposits. U-REIN-8 and U-REIN-9 (13–0 Ma) are 
drape strata with an architecture related to variable bottom-current strength and regional productivity.

Site U1508 is at the base of South Maria Ridge, which is the northern extension of the New Zealand land mass 
and is where the southern edge of the Tasman Front is constricted and concentrated by the bathymetric barrier 
of New Zealand. Consequently, this part of Reinga Basin experiences strong bottom currents and has a relatively 
condensed sequence. Quaternary sediment at Site U1508 (1,609 m water depth) is foraminiferal sand with coarse 
bioclasts (mainly bryozoan; Sutherland et al., 2019). In the axis of the basin at 1,500–2,500 m water depth, Qua-
ternary dune bedforms reach >100 m wavelength and >5 km axial length (Sutherland et al., 2019).

Unconformities developed in the past on current-swept ridges while enhanced sedimentation filled axial basins. 
MAR was high (>100 kg kyr−1 m−2) during the Oligocene and early Miocene but substantial dilution of carbonate 
by terrigenous and volcanic material is evident at Site U1508 (Figure 6; Sutherland et al., 2019). MAR values 
were relatively low and constant at 20–40 kg kyr−1 m−2 from 18 to 13 Ma, but this is a similar or higher value to 

Figure 11. Mass accumulation rate (MAR) values for regional averages of seismic reflection units (vertical error bar is one standard deviation of spatial variability). 
Solid red line is weighted mean of all boreholes and seismic interpretation, with equal weight given to amalgamated boreholes and regional seismic interpretation.
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that found at the same time on southern Lord Howe Rise. A hiatus during 13–11 Ma at U1508 corresponds to 
U-REIN-8 in the basin axis, where a high MAR of 80–160 kg kyr−1 m−2 is determined. U-REIN-9 (11–0 Ma) is 
characterized by contourites and other types of drift sediment and is subdivided by a hiatus (6–4 Ma) at U1508. 
Seismic reflection interpretation yields high MAR values in the basin axis during deposition of this unit: 50–
100 kg kyr−1 m−2 at 11–6 Ma; 100–260 kg kyr−1 m−2 at 6–4 Ma; and 30–60 kg kyr−1 m−2 at 4–0 Ma.

5. Discussion
5.1. Overall Tasman Sea

We restrict discussion of MARs in Tasman Sea to regions with moderate water depths (<3,500  m and mostly 
<2,500 m) and avoid Sites 283 and U1511 (Figure 2), because they have low MARs and clay-rich sediment indicating 
they were below the CCD for much of the Neogene (Burns et al., 1973; Sutherland et al., 2019). Bulk sediment MARs 
within Oligocene and Neogene strata of northern Zealandia in eastern Tasman Sea vary over space and time (Fig-
ure 11). Incorporating interpretations of seismic reflection data enhances results from drill sites, because local varia-
bility associated with deposition (dunes, contourites, drifts, and sediment gravity flows) and erosion or mass-wasting is 
averaged. Boreholes show that most sediment is carbonate (Figure 6), so MARs are robust features that mostly reflect 
sedimentation rates of biogenic clasts. Exceptions to this are the Oligocene and early Miocene of Reinga Basin (REIN) 
and northern New Caledonia Trough (NCTN). We break our discussion into four general time intervals.

Interpretation of Oligocene and early Miocene (34–18 Ma) MAR values is complicated by a series of tectonic effects 
that involved deformation, uplift, and volcanism. An influx of noncarbonate sediment components explains relatively 
high MAR values at eastern sites: northern New Caledonia Trough and Reinga Basin (Orr et al., 2020; Sutherland 
et al., 2019). After considering this dilution, the average biogenic component of MAR in the Oligocene and early 
Miocene was low (<20 kg kyr−1 m−2; Figure S15 in Supporting Information S1). Southern Lord Howe Rise has very 
little late Oligocene to early Miocene sediment and a hiatus marks this time interval at all borehole sites.

From 18 to 14 Ma, bulk sediment MARs were fairly uniform across northern Zealandia at 10–20 kg kyr−1 m−2 
(Figure 12). Seismic mapping suggests Reinga Basin may have had slightly higher MAR of 20–40 kg kyr−1 m−2, 
but this may partly express production over a greater area than mapped (includes submarine ridges) that supplied 
sediment that was concentrated and deposited in the basin depocenter. Bedforms related to bottom currents are 
evident, but we do not observe local thickness variability to the same extent as in younger strata.

An onset of higher MAR and enhanced current activity began between 14 and 11 Ma. This interpretation is most 
obvious from records in Reinga Basin, where an unconformity is developed on South Maria Ridge and basin axis 
MAR values jump to >100 kg kyr−1 m−2 at ∼13 Ma (Figure 11). Northern Lord Howe Rise also experienced an 
approximate doubling of MAR values at 14–13 Ma. Interestingly, a significant increase in MAR happened in 
northern New Caledonia Trough later at ∼11 Ma and the age model at Site U1507 provides good control over the 
interval 14–8 Ma. No clear change in MARs occurred during the middle Miocene on southern Lord Howe Rise 
(Figure 12), but this may partly reflect difficulty in dating sediment of this age, because a hiatus exists at Site 
U1510 from 13 to 4 Ma. The hiatus onset probably indicates stronger current action after 13 Ma, as also inferred 
for sediment on the flanks of Reinga Basin. Reinga Basin has very high MARs in the basin axis during hiatus 
development at Site U1508 (Figure 12), and a high MAR value is found at 14–11 Ma at Site U1509, which lies 
just east (downstream of current flow; Figure 2) of southern Lord Howe Rise (Sutherland et al., 2019). Strong 
currents swept ridges and concentrated pelagic sedimentation into adjacent troughs.

The expected effects of the hypothesized Biogenic Bloom are evident in all four regions: MAR values reveal a 
broad Neogene maximum at ∼9–4 Ma. The maximum MAR value in each region during this interval was about 
double the value at 10 Ma. Peak MARs occurred at ∼5 Ma, more than one peak may be resolvable with addi-
tional higher-resolution work (especially evident for northern Lord Howe Rise). The development of stratal ter-
minations, local unconformities, and high spatial variability in layer thicknesses attests to strong bottom-current 
activity during the Biogenic Bloom, especially during the peak of the event.

After 4 Ma, MAR values dropped back to moderate levels (Figure 12), but there is abundant seismic-stratigraphic 
evidence for strong bottom-current activity (drifts, dunes, contourites, etc., e.g., see Figure S14 in Supporting 
Information S1).
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5.2. Relationships to Neogene Climate Change

During the Oligocene and early Miocene, bulk sediment MARs in the Tasman Sea were affected by regional 
tectonic evolution of the Australia–Pacific plate boundary. This included volcanic and sedimentary input near 
Norfolk Ridge, and vertical tectonic movements that changed bathymetric depths (Orr et al., 2020; Sutherland 
et al., 2020). Miocene MARs before the Miocene Climate Optimum (MCO, 17–14 Ma) and middle Miocene 
Climate Transition (mMCT, 14–13 Ma; B. P. Flower & Kennett, 1994) on Lord Howe Rise were uniform and low 
(Figure 12). Seismic-stratigraphic interpretation suggests that moderate bottom currents were active during the 
early Miocene at bathyal depths on Lord Howe Rise.

Figure 12. Synthesis of regional MAR values compared with global stacks of oxygen and carbon isotopes (Westerhold 
et al., 2020). The regional seismic-derived estimate for Reinga Basin is used rather than the mean value, because the single 
borehole at Site U1508 is not at all representative of regional values and would bias the result. However, note that Reinga 
Basin values are high, because productivity from surrounding regions where a hiatus is present accumulated in the basin axis, 
where we mapped.
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Fossils from New Zealand indicate a warm ocean during the early Miocene. Reef-building corals similar to those 
in the Great Barrier Reef today (sea surface temperature [SST], 19°C–28°C) were well established and diverse 
around northern North Island (Hornibrook, 1992). Oxygen and carbon isotopes of bathyal benthic foraminifera 
from northern Lord Howe Rise (Site 588) were used by B. P. Flower and Kennett (1994) to argue for a warm 
(tropical) saline source of deep and intermediate water. A tropical shallow Pacific Ocean circulation system 
similar to the present day is implied, though our data show that it produced lower biological productivity and had 
lower-strength bottom currents than those of the Pleistocene.

The MCO is identified in benthic foraminiferal δ18O records as a ∼1‰ negative shift (Vincent & Berger, 1985; 
Westerhold et al., 2020; Zachos et al., 2001). The MCO was a time when global average temperatures increased 
in response to elevated atmospheric CO2 concentrations, which range from glacial levels to almost double the 
Holocene preindustrial value (e.g., Cerling, 1991; B. P. Flower & Kennett, 1994; Kucharavy & De Guio, 2011; 
Pagani et al., 1999; Pearson & Palmer, 2000; Royer et al., 2001), with warming possibly linked to eruption of the 
Columbia River Basalts (Kasbohm & Schoene, 2018). During the latter phase of the MCO (∼16–14 Ma), upper 
ocean conditions inferred from planktonic foraminiferal calcite in the northern (ODP Site 588) and southern 
(ODP Site 1171) Tasman Sea indicate progressive warming and/or salinity changes in the mixed layer and ther-
mocline, with δ18O and δ13C values generally beginning to decline around 15.5 Ma (B. Flower & Kennett, 1993; 
Shevenell et al., 2004).

Despite a stable bottom water source and changing surface ocean conditions, productivity throughout Tasman 
Sea remained low during the MCO, as inferred from low MAR values across this event (Figure 12). Low MAR 
values through this interval may also be explained by some shoaling of the lysocline during warmest periods of 
the MCO, as evidenced from sites in the eastern equatorial Pacific and subtropical southwest Pacific (A. Hol-
bourn et al., 2007, 2014; Kochhann et al., 2016), but the water depths of our sites are significantly less than most 
predictions for CCD variation during the Neogene (Sosdian et al., 2018).

During the mMCT, MARs on northern Lord Howe Rise nearly doubled from MCO levels (Figure 12). Interest-
ingly, MARs on southern Lord Howe Rise remain at MCO levels throughout the mMCT, indicating some lati-
tudinal control on processes that affected MAR on this bathymetric high (e.g., intensification of a proto Tasman 
Front during the mMCT).

Proxy data from high latitudes (∼55°S) south of Tasmania suggest an SST drop in the Southern Ocean (south of 
our study region; Figure 2) of 6°C–7°C during the mMCT as the East Antarctic ice sheet expanded and stabi-
lized, and the Antarctic Circumpolar Current and Southern Hemisphere Polar Vortex strengthened (Groeneveld 
et al., 2017; A. Holbourn et al., 2013, 2014; Shevenell et al., 2004). South of Tasmania at Site U1171 (Figure 2), 
there is evidence for a minor (∼2°C) and transient SST rebound (warming, 13.8–13.7  Ma) after the mMCT 
main phase of ice sheet growth (Shevenell et  al.,  2008), which can be explained using coupled atmosphere–
ocean models as resulting from a complex interplay between winds, ocean circulation, and sea ice (Knorr & 
Lohmann, 2014). These models predict warming of northeastern Australia, strengthening of westerly winds, and 
strengthening of the shallow subtropical circulation in the Tasman Sea during the mMCT. This is consistent with 
evidence for the onset of aridification in eastern Australia (Locker & Martini, 1989; Martin, 2006).

Records across the mMCT from equatorial to mid latitude regions indicate increased productivity in both the 
marine (A. Holbourn et al., 2014; Vincent & Berger, 1985) and terrestrial realms (Diester-Haass et al., 2009). 
Notably, increased productivity through upwelled thermocline waters began during the mMCT in the eastern 
equatorial Pacific and was concurrent with increased carbonate preservation (A. Holbourn et al., 2014; Lyle & 
Baldauf, 2015). Results of MAR from northern Lord Howe Rise match carbonate MAR results from sites in the 
western equatorial Pacific (WEP; Si & Rosenthal, 2019).

Oceanographic models for the mMCT predict more vigorous ocean circulation in Tasman Sea (Knorr & 
Lohmann, 2014). Unconformities and high spatial variability in MAR developed in southern Tasman Sea (south-
ern Lord Howe Rise; Reinga Basin flanks) during and after the mMCT, consistent with strong bottom currents, 
but average regional MARs on southern rises did not significantly increase, as far as our data allow us to quantify 
it (Figure 12). Nearby southern New Caledonia Trough records cannot easily be used, because they contain high 
terrigenous input, as do younger records from Challenger Plateau (near Site 593). Our observations of elevated 
MAR values at subtropical sites close to the Tasman Front are broadly consistent with previous studies (e.g., Si 
& Rosenthal, 2019).
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After the mMCT, evidence from IODP sites west of Australia suggests a progressive northward migration of 
the zone of westerly winds from 12 to 8 Ma (Groeneveld et al., 2017). The increase in MAR we observe in Tas-
man Sea after the mMCT may be related to one or all of the main factors involved in nutrient supply: increased 
ocean current strength; increased supply of nutrient-rich cold Antarctic-derived deep and intermediate water; and 
increased quantities of wind-blown dust from Australia (aridification, northward migration of westerlies, and 
increased wind strength).

The beginning and end of the Biogenic Bloom approximately correspond with significant intensifications of 
the Indian and East Asian monsoons at ∼8 Ma and then again at 3.6 Ma (A. E. Holbourn et al., 2018; Zhisheng 
et al., 2001). Aridification of eastern Asia and eastern Australia intensified at 8 Ma (Zheng et al., 2004; Zhisheng 
et al., 2001), with late Miocene burning of Australian Eucalyptus forest becoming common (Martin, 2006). The 
East Asian monsoon resulted in loess deposits onshore and upwelling offshore, increased delivery of wind-blown 
dust to the ocean, and higher productivity in the western Pacific (Zheng et al., 2004; Zhisheng et al., 2001). The 
SST difference between the western and eastern equatorial Pacific was steady at 2°C–3°C or slightly dropped 
during the period 12–8 Ma and then increased during and after the Biogenic Bloom (Zhang et al., 2014). At 
higher latitudes, strong cooling may have been slightly later at ∼7–5 Ma (Herbert et al., 2016). Stronger currents 
(upwelling at divergence zones), increased wind-blown nutrient supply, combined with expansion of nutrient-rich 
Antarctic deep and intermediate waters may all explain higher inferred productivity in the Tasman Sea during 
the Biogenic Bloom.

Grant and Dickens (2002) analyzed elemental ratios and carbon isotopes of Biogenic Bloom (8–4 Ma) sediment 
at Site 590 (Figures 2 and 12). They found abundant evidence for elevated primary productivity, but elemental 
ratios Ca/Ti, Ba/Ti, and Al/Ti peak at 6.5 Ma (likely reflecting peak terrigenous input), whereas MAR (total 
average productivity) peaks at 5 Ma. Bulk sediment carbon isotope shifts (Figure 12) can be explained by com-
bined effects of changing whole ocean composition, isotopic depth stratification, and changing types of primary 
productivity with different depth habitats. Hence, Grant and Dickens (2002) inferred asynchronous changes in 
nutrient supply and hydrography during the Biogenic Bloom.

Our results confirm that there is a clear MAR peak in the Tasman Sea at ∼5 Ma, but northern Lord Howe Rise and 
possibly northern New Caledonia Trough have an earlier peak at 8–6 Ma or had relatively uniform MAR through 
the interval 8–5 Ma. The eastern equatorial Pacific at Site U1338 reveals that between 8.0–6.5 and 5.2–4.4 Ma, 
low east-west δ18O and SST gradients and generally warm conditions prevailed; and diverging fine-fraction-to-
coarse fraction foraminiferal δ13C gradients suggest increased upwelling between 7.1–6.0 and 5.8–4.6 Ma (Drury, 
Lee, et al., 2018; Lyle & Baldauf, 2015). Our work suggests that there exists some fine structure within the Bio-
genic Bloom in the Tasman Sea that might be correlated to records elsewhere.

De Vleeschouwer et al. (2020) note a reorganization of the climate–carbon cycle system at ∼6 Ma, during the Bi-
ogenic Bloom, with the change in influence of Arctic cooling included as a causal factor: continental carbon res-
ervoirs expanded during global cool spells before 6 Ma, but the opposite was true after 6 Ma. Drury, Westerhold, 
et al. (2018) found distinct, asymmetric cycles in benthic stable isotope data from sediments of the North Atlantic 
that indicate high-latitude climate processes related to ice sheet dynamics pace climate variability in the interval 
7.7–6.7 Ma. Increasing influence of obliquity driven climate variability is reported from higher northern latitudes 
(ODP 982; Drury, Westerhold, et al., 2018) as well as the equatorial Pacific (U1337, U1338; Drury, Westerhold, 
et al., 2017; A. E. Holbourn et al., 2018) already occurring at 7.7 Ma and further strengthening at 6.4 Ma. Thus, 
the processes leading to the increase in MAR seen in the Tasman Sea region seem to be linked to global scale 
shifts in Earth’s climate response to orbital pacing related to polar ice volume evolution (Westerhold et al., 2020). 
It is clear that global changes during the Biogenic Bloom had a long-term impact on global and southwest Pacific 
Ocean climate processes. The exact timing and mechanisms of forcing and feedbacks in the Tasman Sea region 
need to be resolved at much finer details than presented here. Laborious studies that can resolve astronomical 
cycles and produce very precise age model are needed to test causality arguments.

Changes in east Asia at 3.6  Ma resulted in even more arid conditions than those of the late Miocene and 
higher rates of loess accumulation onshore and delivery to the western Pacific (Zheng et al., 2004; Zhisheng 
et al., 2001). The Quaternary climate of eastern Australia is even drier now than it was in the late Miocene 
(Martin, 2006), and zonal SST differences in the equatorial Pacific have increased from 8°C to 10°C since 
4 Ma (Zhang et al., 2014). There has clearly been growth of the Antarctic ice sheets and expansion of Antarctic 
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deep water after 3.6 Ma (Naish et al., 2009). These Pacific-wide changes all had the same sense as those at 
∼8 Ma, but MAR values in the Tasman Sea are lower since 3.6 Ma. We observe seismic-stratigraphic evidence 
for intensification of bottom-current action in the Tasman Sea after 3.6 Ma (e.g., Figure 9 and Figures S8 and 
S14 in Supporting Information S1), but average productivity has been approximately half that of the Biogenic 
Bloom, and northern Lord Howe Rise (our best determined values) has reduced to just 30%. Our work con-
firms previous results from the western Pacific (e.g., Si & Rosenthal, 2019).

Si and Rosenthal (2019) postulate that cooler climates and reduced atmospheric carbon dioxide led to lower rates 
of weathering, reduced alkalinity input to the ocean, and less marine calcification (particularly coccolithophores). 
They argue that low carbon availability in the photic ocean limited growth sizes and rates of coccoliths and that 
this was a significant factor that led to lower MAR values. However, we see no obvious correlation in our data 
between MAR values and atmospheric CO2 or ocean pH in the past (Figure 13; Rae et al., 2021). Mechanisms 
and drivers that controlled marine biological productivity changes in the past remain obscure. Previous studies 
(e.g., Grant & Dickens, 2002) suggest complex relationships between Tasman Sea productivity and causal factors 

Figure 13. MAR on northern (LHRN) and southern (LHRS) Lord Howe Rise compared with estimates of atmospheric CO2 and ocean pH in the past. Atmospheric 
CO2 estimates are based on either boron isotopes (blue crosses) or alkenones (orange diamonds), and ocean pH was calculated from δ11B of borate (Rae et al., 2021).
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of nutrient type (wind-blown dust, river suspended or dissolved loads, and upwelling deep water) and delivery 
(wind, precipitation, and ocean current patterns), and it could be that global climate cooling and lowering of 
atmospheric carbon dioxide has also played some bigger role (Si & Rosenthal, 2019).

6. Conclusions and Future Climate Change
We present an analysis of Tasman Sea MARs based on a revised biostratigraphic and compaction analysis of 11 bore-
holes and >3 million seismic reflection horizon picks tied to those boreholes. We depth converted seismic reflection 
interpretations and accounted for compaction using physical properties data from IODP Expedition 371. We analyzed 
a region of 10,000–30,000 km2 around each borehole, but the total size of northern Zealandia is ∼3 × 106 km2.

Our study shows that regional variability in MAR is significant, due to the action of deepwater currents that have 
winnowed, created hiatuses, or eroded sediment at the seabed (1,000–3,000 m depth) in some places and depos-
ited bedforms (drifts, contourites, dunes, fans, etc.) in others. Therefore, it is necessary to average MARs over 
larger areas to obtain estimates that can be used to infer past ocean productivity. Individual boreholes may provide 
misleading results and can be strongly affected by their specific location. Regional mapping in the context of 
bathymetry and paleoceanographic models provides the information needed to target future work at meaningful 
sites and allows more insightful interpretation of existing borehole sites. For example, Site U1508 has hiatuses at 
times of highest regional productivity, because strong currents that delivered nutrients to the region also scoured 
the seabed at that specific location. MAR observations provide useful tests for climate models, but it is essential 
to integrate seismic-stratigraphic interpretation with borehole studies in regions where bottom currents or gravity 
flows have modified pelagic depositional processes. For Tasman Sea, this is most of the region.

We see significant increases in MAR as global climate became colder and Antarctic ice sheets grew at ∼14–
13 Ma, during the mMCT; and then again as the east Asian monsoons developed at ∼8 Ma at the start of the Bio-
genic Bloom. MAR peaked in the Tasman Sea during the Biogenic Bloom at 5 Ma, but an earlier peak at 8–6 Ma 
is also evident in northern Tasman Sea, where Grant and Dickens (2002) show terrigenous input peaked at 6.5 Ma 
at Site 590 (though remained a small value). Although large-scale global cooling and aridification trends were 
the same at 8 and 4 Ma, climate responses to orbital (and other shorter timescale mechanisms of) forcing have 
changed. Cooler climates since 4 Ma coincided with lower MAR values in the southwest Pacific, and average 
MAR values since 3 Ma have dropped to just 30%–50% of their value at 5 Ma.

Biogenic particles settling in the ocean and exporting carbon toward the seabed play a key role in long-term mod-
ulation of atmospheric carbon dioxide (Boyd et  al.,  2019) and may play a key role in the eventual natural (or 
engineered) remediation of our climate crisis. It seems certain that our future world will be warmer and have car-
bon dioxide concentration significantly elevated above preindustrial levels: we are heading back toward conditions 

similar to those of the Pliocene and Miocene (Figure 13). There is a wide-
spread concern that ocean acidification might lead to a profound change or 
even collapse in the ocean ecosystem over coming centuries, with a resulting 
reduction in calcium carbonate deposition (Dutkiewicz, Morris, et al., 2015). 
However, because we do not fully understand the drivers of MAR change, it 
remains unclear to us whether the southwest Pacific will eventually have lower 
rates of marine productivity and calcium carbonate deposition (natural carbon 
sequestration), as was present during the MCO, or if they will be higher, as they 
were during the Biogenic Bloom (Figure 13). There is no correlation between 
long-term (Myr scale) carbonate MAR and atmospheric CO2 (Figure 14; or 
past ocean pH), and MAR values from the late Quaternary are among the low-
est of all Neogene values. We posit that, although the rate of atmospheric CO2 
change this century may be much greater than changes in the past, it remains a 
viable possibility that global warming could lead to future long-term increases 
in biological productivity and carbon export in the southwest Pacific. We do 
not claim to understand the mechanisms involved but suggest that further work 
is urgently required to develop models that can explain the geological past, so 
that we can have more confidence in predicting how biological productivity 
will change during coming decades and centuries.

Figure 14. MAR on northern Lord Howe Rise (LHRN) since 23 Ma plotted 
against estimates of atmospheric CO2 based on boron isotopes (blue crosses) 
and alkenones (orange diamonds; Rae et al., 2021).
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Data Availability Statement
Digital files of seismic horizon picks, age models, and code (that could be reused for analysis of other regions) 
are available at https://github.com/RupertSutherland/sedBasin (https://doi.org/10.5281/zenodo.5502246). Seis-
mic reflection data were compiled, described, and made available by Sutherland et al. (2012) and are most easily 
obtained from GNS Science (https://data.gns.cri.nz/pbe) or New Zealand Petroleum & Minerals (https://data.
nzpam.govt.nz). TECTA 2015 data (NCTN region) are available from https://doi.org/10.17600/15001300 and by 
typing in “TECTA” in the search bar at IFREMER: https://donnees-campagnes.flotteoceanographique.fr/search 
(embargo until 2022). TAN1409 data can be obtained from https://data.gns.cri.nz/pbe. ETOPO data set: https://
www.ngdc.noaa.gov/mgg/global/. IODP data: https://www.iodp.org/resources/access-data-and-samples. Austral-
ian Marine Sediments database, MARS: http://dbforms.ga.gov.au/pls/www/npm.mars.search.
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