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MANUSCRIPT NUMBER: Biogeosciences Discussions 11, 13343-13387, 2014

TITLE: Systematics of past changes in ocean ventilation: a comparison of
Cretaceous Ocean Anoxic Event 2 and Pleistocene to Holocene Oxygen

Minimum Zones
- Explanation of revisions -

Referee #1 (Holger Gebhardt)

Referee 1 noted that the title reflects only partly the contents of the paper

reply: indeed, we did not describe changes in past ocean ventilation but compared
records of the late Quaternary Peruvian OMZ and the Cenomanian /Turonian Tarfaya
Basin. We changed the title to: “Records of past mid-depth ventilation: Cretaceous
Ocean Anoxic Event 2 vs. Pleistocene to Holocene Oxygen Minimum Zones*“. The new

title is shorter by four words, and we hope it is now more to the point.
1. The referee found abstract too long and recommended it to be shortened.

reply: we shortened the Abstract from 416 to 388 words in the revised version of the

manuscript.

2. Holger Gebhardt asked why the authors did not compare Cretaceous and Quaternary
benthic foraminiferal assemblages as they have been considered by many authors to be
excellent oxygenation indicators. He asked to explain why foraminiferal assemblages

were not considered for the evaluation of past ocean ventilation.

reply: benthic foraminiferal assemblages exhibited different community structures in
Jurassic and Early Cretaceous low oxygen assemblages, which were characterized by
low population densities and a dominance of textulariids and lagenids. Modern
buliminid-bolivinid dominated benthic foraminiferal OMZ assemblages with a typical
productivity driven distribution pattern became fully established during the
Santonian/Campanian OAE3 (Holbourn and Kuhnt, 1998). Critical turning points in
benthic foraminiferal evolution were the Cretaceous OAEs 1 and 2 (Aptian and
Cenomanian/Turonian), when rotaliids began to dominate the assemblages in low
oxygen environments. These changes may have been related to changes in benthic -
pelagic coupling, when diatom-derived phytodetritus became an important source of

food for benthic foraminifers in the deep sea. Although morphotypes may be similar in



1  Pleistocene and Cretaceous assemblages, the trophic structure of the faunas were most
2 likely different due to evolutionary changes.
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3. The referee questioned that reservoir ages can be determined that exactly as stated, and he

suggests to take 90 to 340 years throughout.

reply: The reservoir ages were calculated as regionally weighted mean values by using
data entries from the Marine Reservoir Correction Database
(http://calib.qub.ac.uk/marine/) for the eastern Pacific off Peru. The uncertainties of the
source data range from +31 to +£82 years (2-sigma). Therefore, it is not a mirror of
analytical precision to round up 89 to 90 and 338 to 340 yrs. We are aware of the
uncertainties of AMS radiocarbon measurements but keep the mean values because

they were accurately calculated. This is now specified in the text of the revised version.

4. Referee 1 asked why we have used shallow infaunal Uvigerina species for stable

isotope analyses and not epifaunal Cibicidoides species.

reply: Cibicidoides species were rare, Uvigerina striata, U. peregrina and Globobulimina
pacifica were abundant throughout the sediment cores from the Peruvian OMZ. We agree
that preference should be given to epibenthic foraminiferal species for isotope
measurements mirroring bottom water conditions. Despite exceptions caused by
bacterial mats (Hoogakker et al., 2010 and references therein), Uvigerina and
Globobulimina species incorporate stable oxygen isotopes in equilibrium with the
surrounding pore waters, which are same as in the supernatant bottom water (e.g.

McCorkle et al., 1990). We specified this in the text of the revised version.

5. The referee recommended the paragraph between 13349, line 26 and 13350, line 4 to be
shifted to the Introduction, and he asked the check again the appropriateness of Poulsen

(1998) and Topper et al. (2011) references.

reply: the references were wrong. We inserted the correct citations in the revised

version of the manuscript.

6. Referee 1 noted that Chapter 3.1 is not exclusively focusing on the Peruvian OMZ and
suggests to change the title accordingly. Furthermore, the subchapter on laminations
describes general concepts developed in many parts of the world. He suggests only those
parts referring to the modern Peruvian or Cretaceous Moroccan shelf shoud be presented

in the results section.

reply: the referee is right indeed. We therefore changed the title of subchapter 3.1 to
“Holocene to Recent organic-rich sedimentation underneath Recent OMZs®“. The

separation of information gained from the Peruvian OMZ from data created in other
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OMZs is not justified. Our paper is a review paper. Therefore, it hast to address the
subject comprehensively and it has to include all available information and resources,
also from other places. This applies in particular to concepts that were developed off

California or the Pakistan Margin.

7. Holger Gebhardt suggested to present a location map for all cores analysed including

Peru and Morocco in order underpin the dimension of this study.

reply: we included a location map with the studied sediment cores and wells as new

Figure 1 in the revised version of the manuscript.
8. Referee 1 recommended the following technical corrections:

- the succession of cited papers within the text would not follow an obvious rule. They

should be in an order according to the journal guidelines.

reply: according to the guidelines for authors, citations can be sorted either according to
relevance, in chronological or alphabethical order. We decided to sort them in
chronological order as we report the progress of knowledge in places. The citations were

re-formated in the revised version of the manuscript accordingly.

- page 13346, 1. 12: Expedition in 1965 revealed. . . in order to distinguish the phrase from a

reference.
reply: - done -
- page 13351, L. 1: Kuhnt et al. 2001 is missing in the ref.-list.
reply: - done -

- page 13351, L. 6ff.: Correct spelling is Savrda (see also ref.-
list).

reply: - done -

- page 13354, 1. 13: Gutierrez et al. 2006 as in ref.-list?
reply: - done -

- page 13356, 1. 11: bioturbated

reply: - done -

- page 13357, 1. 18: Gebhardt et al. 2004.

reply: - done -
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- page 13358, 1. 18: Kemp et al. 1990 or Kemp 19967?

reply: Kemp (1990) is correct.

- page 13361, 1. 13: Martin et al. 1987 is missing in ref.-list.

reply: Martin et al. 1987 is now added to the reference list of th revised version..
- page 13362, 1. 17: Mallon 2012 as in ref.-list?

reply: yes, corrected in the revised version.

- page 13380, Tab A3 Figure caption: Sections with. .

reply: - done -

- page 13387, Fig. 7: Please arrange the upper and the lower panel in such a way that the
ages are in line with each other in order to make a comparison of both panels easy.

Correlation of peaks is rather difficult at the present stage.

reply: both panels have the same x-axes scales in th revised version of Figure 7, which

is now Figure 8, done -

- Remark: [ would have liked to see a possibility (electronic supplements, link etc.) for an

easy access to the complete data set used in this paper.

reply: we will provide all the CTD data of the new Figure 2 and the data of the new

Figure 8 as electronic supplements (MS-Excel documents).

Referee #2 (anonymous)

1. Referee 2 complained that Table A3 listed the data directly from Kuhnt et al., 1990 inplying
an OAE2 duration of 1.3 million years. This needs to be adjusted according to latest
agemodels. There is also the decision to be taken either to include all the other sections from
the Tethys Ocean, and to discuss their implications in full detail including latest

results, or to strictly stay with the Moroccan localities.

reply: the accumulation rates in Kuhnt et al (1990) were calculated for the W.
archaeocretacea foraminifera Zone, with an assumed duration of 1.3 million years
(based on the time scale of Haq et al., 1986). This did not imply an OAE-2 duration of
1.3 million years, but it was at this time the only way to make sure, that all
sedimentation rates were calculated for approximately the same time interval. High

resolution 8'"°C curves, which define the extend of OAE2 much better than foraminiferal
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biozones were not available. However, this also means that the accumulation rates
provided in Kuhnt et al. (1990) are minimum accumulation rates, since the period of
high organic matter accumulation associated with OAE2 (approx. 800 kyr) is shorter

than the W. archaeocretacea zone (approx 1300 kyr).
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Furthermore, the first occurrence of H. helvetica, which defines the top of the W.
archaeocretacea zone is in the Tarfaya sections later than its global first appearance
datum (which is close to the FA of Quadrum gartneri just above the
Cenomanian/Turonian boundary). Similar inconsistent FOs of H. helvetica have been
recently reported from Tansania, and the reliablility of the FA of H. helvetica as a
stratigraphic datum is becoming questionable. However, 8'°C stratigraphy and the FA of
Quadrum gartneri are consistent in the Tarfaya basin and the accumulation rates
calculated on the basis of these events in addition to cyclostratigraphy (new Figure 8 of

the revised version) are thus more reliable.

In the present paper, we only mention the organic carbon accumulation rates from well
S13. In order to avoid confusion that may arise from the data of the other sections
mentioned in the Kuhnt et al. (1990) paper, we have decided to omit Appendix Table 3

and referred to the original publication where more details can be found.

2. Referee 2 criticised absence of recent publications on the local and global redox state of
the OAE2 ocean which could help our study to justify why it is important to understand
these OMZ regions.

reply: we agree, only citing the book edited by Thiede and Suess (1983) is not enough
to support our case. The Mesozoic Era is characterized by numerous oceanic anoxic
events (OAESs) that are diagnostically expressed by widespread marine organic-carbon
burial and coeval carbon-isotope excursions. Amongst the Cretaceous OAEs, the
Cenomanian/Turonian boundary interval (OAE2) is probably the most extensive
event. It is characterized by a globally recognized, stratigraphically distinct
perturbation of the carbon cycle. For instance, redox-sensitive trace metal
composition suggests contrasting depositional conditions and paleoceanographic
processes in the western Tethys compared to the North Atlantic(Anbar and Rouxel,
2007; Dale et al., 2012). Nevertheless both, the western Tethys and Northern Atlantic
sites show redox variations, reaching anoxic/euxinic conditions during OAE2.
Furthermore, combined carbon- and sulfur-isotope data have indicated that oxygen-
free and hydrogen sulfide-rich waters extended across roughly 5% of the global
ocean, compared to a negligible proportion today, but with the likelihood that much
broader regions were also oxygen challenged. These conditions must have impacted
nutrient availability in the ocean and ultimately the spatial and temporal distribution

of marine life across a major climatic perturbation (Owens et al., 2013). Thus, we
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argue that it is relevant to investigate meso scale processes such as modern and more
recent OMZs in order to understand paleo OAEs, and vice versa. We referred to the

abovementioned papers in the introduction of the revised manuscript.

3. Referee 2 asked for more discussion on the control of sedimentation rate on organic matter
preservation, and he quoted that already Canfield (1994) has emphasized that bottom-
water oxygenation is less important. The reviewer understood that sedimentation rates
could be very important in the Peruvian OMZ where they also are very high compared to the
OAE2 sites. Additionally, Hartnett et al. 1998 should be referenced.

reply: A large range of chemical, biological and oceanographical factors controlling organic
detritus flux to the sea bed, decomposition and remineralisation, preservation and finally
accumulation as refractory substances constitute the complex nature of organic matter
turnover. Furthermore, organic carbon preservation strongly depends on the local
circumstances of deposition (Arndt et al., 2013), thus limiting the comparability of settings
between regions and oceanic basins. There is an ongoing debate whether the proportion of
organic matter, which is buried and preserved in marine sediments, is dependant on the
ambient bottom water oxygenation or not (Dale et al., 2014). The only assured perception is
that carbon burial does not co-vary with bottom-water oxygenation at high sedimentation
rates near continental margins (Betts and Holland, 1991; Canfield, 1994). At low
sedimentation rates, the oxygenated near-surface layer of sediments deposited under
oxygenated bottom water increases in thickness and facilitates enhanced aerobic
decomposition, while sediments deposited under low-oxic conditions remain anaerobic and
decomposition is effected by nitrate and sulphate reduction (Hartnett and Devol, 2003). As a
consequence, organic carbon burial correlates with oxygen exposure time of particulate
organic carbon at the sea floor in oxic to suboxic environments, and shows no covaraince in
dysoxic zones (Hartnett et al. 1998). We added this paragraph to the discussion

chapter of the revised version.

4. It is unclear to Referee 2 how the “20 % export production” value was obtained, and

whether it is justified to apply this to OAE2 settings.

reply: This is certainly a misunderstanding. We meant burial efficiency and not export

production here.

5. Referee 2 recognised several blanket statements needing clarification: “As a consequence,
a whole suite of proxies have been applied to reconstruct past ocean oxygenation”

reference has given to what proxies have been applied exactly. The statement "There are
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only few reliable parameters that are sufficiently explored to in vestigate paleo low-oxygen
conditions in the Mesozoic and Cenozoic, which are trace fossils, laminations, and organic
carbon accumulation rates" seems to exclude many geochemical proxies applied with

great success.

reply 1: The term “derivative® is more specific than saying “a whole suite of proxies®,
which are, by the way, explained in the following paragraphs. This is now amended in the

revised version of the manuscript.

reply 2: we agree, many geochemical redox proxies have been applied on Cretaceous
black shales. These include redox-sensitive trace metals (Brumsack, 2006; van Bentum
et al., 2009; Dale et al., 2012), sulfur isotopes (Hetzel et al., 2009; Owens et al., 2013),
and iron isotopes (Owens et al., 2012). Some of these proxies have also been measured
on surface sediments from the Peruvian OMZ (Boning et al., 2004, Scholz et al., 2011,
2014a). However, no calibriation of these indicators is available for a quantititative
reconstruction of past oxygenation of the Peruvian OMZ to date. This also hampers an
application to black shales of OAE2. Most promising are U/Mo ratios, and there are first
downcore records from the Peruvian OMZ (Scholz et al., 2014b). None-the-less, only
very few data points are available for a regional U/Mo — bottom-water oxygen
calibration in the Peruvian OMZ (Scholz et al., 2011). They strongly differ from
corresponding data obtained from other OMZs (McManus et al., 2006), which hampers
application to black shales from Cretaceous OAEs. A respective paragraph is now added

to the revised version of the manuscript.

Minor comments

- Referee 2 requested more information in order to understand why there was an adjustment to

the oxygen measurements. What is the detection limit of this method?

reply: This is probably a misunderstanding. We did not correct the data of the CTD sensors.
The oxygen concentrations shown in the new Figure 2 are a compilation of all measurements
done by CTD attached Seabird oxygen sensors during RS Meteor cruise M77 legs 1-3.
Stations from leg 4 were not considered because all CTD-stations from leg 4 were located
further offshore. The typical detection limit of the CTD optode sensors is ~2 pumol/kg. In the
study of Kalvelage et al. (2013) oxygen concentrations determined with the seabird sensor
showed an offset of ~2 umol/kg compared to the concentrations determined with the more
sensitive STOX sensors, which are based on Clark-type oxygen sensors, during M77 legs 3

and 4. Hence, the data from the optode sensors were corrected by 2 pmol/kg. Unfortunately no
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STOX data is available for legs 1 and 2. Thus, we cannot assure that the optode data had the
same offset during these legs. Furthermore, we wanted to present a dataset which is
comparable to other datasets since the Seabird sensor is more commonly used than the STOX
sensors. We changed the text in the methods to avoid further misunderstandings and added the
following sentences: “Kalvelage et al. (2013) observed an offset of ~2 pmol/kg between the
CTD attached optode oxygen sensors and the more sensitive STOX sensors, which are based
on a Clark-type oxygen sensor, and corrected the optode data by 2 umol/kg during the cruises
M77-3 and M77-4. The oxygen data presented in our study were not corrected for a 2 pmol/kg
offset since the STOX sensors were not deployed during M77-1 and M77-2 cruises.”

- Page 13353 Line 15 - It seems as though this sentence is putting an oxygen
concentration from the modern to encompass all laminations from the late Holocene and

subrecent sediments.

reply: this is probably a misunderstanding. Laminations were visible in the entire cores
from the respective depths in the California borderland basins, despite the age of the
core base. We amended the stratigraphic reach to ,,latest Holocene* and hope this is now

better understandable.

- Figure 4 Increase in lightness scatter? The red box seems to show a decrease? Is the

red box in the correct place? Please clarify.

reply: indeed, the red box is in the correct place. We meant lightness variability, which
obviously increases although the sediment colour appears to get darker. We amended

the wording of the figure caption in the revised version of the manuscript accordingly.
- Page 13364 Line 6: Typo where I think the word should be combined to showed

reply: - done -
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