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Abstract: Loess correlations are one of the most common research topics
in global loess research. In spite of significant progress in the
development from speculative to quantitative research methods, even in
some recent investigations application of loess correlations is still in
many aspects too speculative. The aim of this overview is to provide an
adequate frame for evaluation of accuracy of the loess correlations
applied on different temporal and spatial scales. This opens up
possibilities for detailed temporal and spatial environmental
reconstructions across the huge loess provinces of the Eurasia and
Northern America. In this study, we additionally evaluated the potential
development of appropriate sub-millennial scale loess correlations, as
well as essentially important chronological approaches for establishing
valid correlations of different loess records, such as current
improvements in tephrochronology, 14C and luminescence dating techniques.
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COMMENTS TO EDITOR AND REVIEWERS

Dear Paul,

Thanks a lot for your support! I agree that both reviewers are quite critical of
the paper. We are grateful for their constructive comments. Following these
suggestions we invested a lot of time and energy to significantly improve the
manuscript. However, our impression is that both reviewers did not understand
the main messages of this review article. This is why we did not completely
accept all reviewer comments. We offered an explanation for the three main
problems mentioned in your summary after reviewer’'s comments and we have

tried to clarify the manuscript so the key messages are better presented.

1. Our co-authors Joseph Mason and Thomas Stevens corrected the English of

the revised manuscript. |am still not happy with the English and have made numerous corrections.

2. Please see our detailed comments to the comments of both reviewers. We
have accepted and changed the majority of suggested changes. However, for
some of the suggestions we kept to our previous statements or partly modified
our initial explanations, simply because some of the comments are not correct.
In all of these cases we provided detailed explanations. All of these answers,
changes, explanations and improvements are indicated in red colored letters
after each comment of the reviewers. Additionally, we have also provided the

previously submitted manuscript with track changes.

3. We agree that both reviewers have some reservations about the apparent
lack of a new understanding and new data. The aim of our study was not the
overview of all papers related to loess correlation problems. This opinion
pushed reviewers to express in some cases unnecessary and unfounded
criticism. The main purpose of our manuscript is a critical evaluation of loess
correlations related to different temporal and spatial scales. These
observations are new and can be very helpful for younger researchers to avoid

many potential problems in their further investigations.


http://ees.elsevier.com/palaeo/download.aspx?id=516886&guid=aaed5f02-3c55-42de-a8fe-50ff5dcf9461&scheme=1
Typewritten Text
I am still not happy with the English and have made numerous corrections.


Reviewer 1 has several times mentioned the Europocentric character of this
review article. Northern American loess has been less intensively discussed

scarcity may be a better word
because of the lack of sections with older loess-paleosol sequences (older than

they may be unfamiliar
last glacial/interglacial cycle) and complicated nomenclatures of loessto you but they are no
stratigraphies with many local names. This limits correlations (the suB@&'@tCS?‘p'icated than
urasian nomenclature,
the submission). Further, if we analyze the quantity of loess papers, wg&ake!
see that the absolute majority of papers are related to investigations of Asian

and European loess provinces, contrasting with a much smaller amount of

| think you Rep £isgq 4K LaEE d 't "PESBFEH? Gt RBPRIC RIMEY AT 8¢S 8 DR HOREGE I egsignd approaches

which have been derived from North America (or elsewhere).
statement does not diminish the great potential of Northern American loess for

successful forthcoming research, nor the importance of the research previously
undertaken on these archives. Additionally, we evaluated potential
methodological improvements for providing more accurate loess correlations.
In this case, we proposed a focus towards highly resolved loess sections (able
to represent sub-millennial environmental and climatic dynamics) in
forthcoming studies. Both reviewers suggested excluding the complete
luminescence dating chapter. We decided to include a new section about a
more intensive use of advanced radiocarbon methods and also to include a
significantly redefined chapter related to luminescence dating that focusses on
age extension of the technique for middle Pleistocene loess correlations (for
details please see following answers to specific points of reviewers). We also
mentioned great potential of tephrochronology as well as evidence of relative
e aleointensity of Earth’s magnetic field preserved in 10ess récords to improve
validity of loess correlations. Application of these proposed stratigraphic tools
as a new standard in future loess research has great potential for avoiding
existing limitations recognized in current correlations between different loess
records. This proposed, more robust methodological approach will also have a
great stratigraphic significance in forthcoming studies providing a more
accurate background for valid correlations of loess and other important

paleoclimatic records.

We would highly appreciate if an additional reviewer could give an opinion

about the quality of this improved version of our manuscript. In spite of


Typewritten Text
scarcity may be a better word
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Highlight

Typewritten Text
they may be unfamiliar to you but they are no more complicated than Eurasian nomenclature, I promise!

Typewritten Text
I think you have missed the point.  It is fine to have a Eurasian focus but you should not ignore important ideas and approaches which have been derived from North America (or elsewhere).

Typewritten Text
this is still variable: remove the basic description of techniques and focus on developments/improvements


substantially justified criticism of the reviewers, we strongly believe in the

generally high importance of this review article, as a potential milestone paper.

| have decided to review the paper carefully myself - | have no position or reputation to preserve!

Additionally, this review article is completely independent from the Editorial for
our P3 loess special issue. The team of guest editors: Joe Mason, Shiling Yang
and myself have to prepare an Editorial for this special issue. This Editorial will
highlight the main topics of this thematic collection of papers as well as
emphasize the importance of the individual contributions presented in the

special issue.

Novi Sad, June 7, 2017

Best regards

On behalf of co-authors team

(/u&(jﬁ m{v bmbab{; s

Slobodan B. Markovic


Typewritten Text
I have decided to review the paper carefully myself - I have no position or reputation to preserve!


Reviewer #1

Specific comments are as follows, key to line numbers:

--29-30-31: "...application of loess correlations is still overestimated..." and

"...adequate evaluation of accuracy of the loess correlations application...":

rephrase, please. I do not understand what is being said here. These are good

examples of things the English speaking authors need to fix. We have !havesuggesteda
further clarification of

improved the problematic part of the text. Lines 30-31; this sentence (which is

--33: "Northern Hemispheric continents": you mean North America and to° long and
confusing)

Eurasia? Northern Hemispheric continents is replaced with Eurasia and

Northern America; Line 34

--54: "close to major river systems": most of them ARE near major river
systems - close to is replaced with most of them are near; Line 54

--57: what does "inter-profile" mean? We deleted inter-; Line 57

--60: you need to state what MIS means - We added Marine Isotope Stages;
Line 60

--65: what are "existing chronostratigraphic models"? We deleted chrono; Line
65

--68-69: this statement could be debated; lake sediments are also widespread
terrestrial paleoclimate archives, as are glacial deposits, as are soils. Rephrase
as "one of the most widespread..." Thanks. We rephrased this as one of the
most widespread; Line 68

--76: what is "stratigraphic" in parentheses after "paleoclimatic" as if it means
the same thing? It does not. It was a mistake that we deleted (statigraphic);
Lines 79-80

--77-79: this is a completely Eurocentric review of early loess research,
ignoring all the contributions from North American researchers. Early (1930's,
1940's, 1950's, 1960's) contributions on loess research were made in North
America by Simonson, Torp, Péwé, Frye, Ruhe and many others—why are
these not cited? Thanks. We cited articles of Shimek, 1902, 1909, Thorp and
Smith, 1952, Simonson and Hutton, 1954 and Ruhe 1956, 1969; Lines 82-83


Typewritten Text
I have suggested a further clarification of this sentence (which is too long and confusing)


--90: you may not cite a paper until it is at least in press - We deleted this
unaccepted reference; Line 94

--96-101: again, Eurocentric, with no credit given to North American
researchers - We have to say that the approach of Kukla and co-workers is at
least one the most important moments in global loess research history. Thus,
this is not an Europocentric statement and we did not ignore the contribution

of North American scholars;

--102: why "re-opening"? We changed the sentence... “"The development of
magnetostratigraphic techniques opened the loess community in China to
collaboration with international scholars and completely shifted global scientific
interest towards the Chinese multiple loess-paleosol couplets...”; Lines 106-

109

--109-111: this is not correct. In Siberia (as in Alaska), higher MS is found in Tpjs

unaltered loess and lower MS is found in paleosols. See Chlachula (2003),  significantly
weakens your

QSR, and other papers of his. For Alaska, see papers by Beget and co-workersSaiempt and

(1989, in Nature and 1990, in Geology) - Of course, we know about the claim to
provide a

“inverse” magnetic signal observed in Siberian and Alaskan LPS. However, this  asia-wide

problem is out of the scope of our review paper. Currently, the application of review. Not
only Alaska

magnetostratigraphic approach to Siberian and Alaskan LPS is much more and Siberia

limited than in the case of temperate Eurasian and Middle North American but parts of

) China show
loess belt. Lines 118-120 this pattern.
--112: same comment as above: you CANNOT correlate over long distances in(see Liu et al.

Aust J Soil
Eurasia because Siberia shows MS trends that are exactly opposite that of RZZ 20001I)
Europe and China. We do not agree with this statement of the reviewer You are
: : _ ludi
because a huge Central Asian loess belt exists between Europe and China, as :Z;;;:g

well as Iranian loess provinces. The Central Asian and Iranian LPS have similarimportant
. . . . . loess areas.
pedostratigraphic and magnetostratigrapic properties.
--113-114: delete the word "absolute" from your vocabulary; the word you
want here is "numerical." Also luminescence is not a "radiometric" technique
because it is not based on the measurement of a daughter isotope to a parent
isotope to get an age. Thanks. We changed it to numerical isotope; Line 125
--121: "physic-chemical" is not a word. The entire sentence has been

rephrased; Line 131-132


Typewritten Text
This significantly weakens your attempt and claim to provide a Eurasia-wide review.  Not only Alaska and Siberia but parts of China show this pattern. (see Liu et al. Aust J Soil Res. 2001).  You are excluding large and important loess areas.


--126: the estimate of 10% of the land surface covered by loess did not come

from Smalley et al. (2011), so this is an incorrect citation. I suspect the Change it to
original estimate probably came from Pesci (1968, Encyclopedia of 5-10%t0
accommodate

Geomorphology, edited by Rhodes Fairbridge). Note that Ken Pye (1987, the value
Aeolian Dust and Dust Deposits, who strangely is not cited anywhere in this g't‘éeGT Icrl]t;/tcl)ct)jr:
paper) points out that the figure for primary loess is probably (Pye).
closer to 5%. We cited Pye, 1987 and replaced Smalley et al., 2011 with Pecsi,

1990, according to Pecsi, 1990 loess and loess-like deposits cover 10% of the

land surface; Line 137

--127-128: what are "geomorphological units"? Landforms? We replaced

geomorphological units with landforms; Line 138
| have

commented
loess as "Typical loess is in situ accumulated aeolian dust transformed by below that this

--145-146: please define what is meant by "typical loess. We define typical

L o . . i helpful
loessification processes mostly preserved from significant impacts of dlfferent'j ?n_?n epi
ernition

post depositional influences (Sprafke and Obreht, 2016)”; Lines 155-159 unless you

explain to the

reader what is
rephrased; Lines 157-159 meant by

--147-148: I have no idea what this means: please rephrase This sentence is

--149: what is meant by "lithostratigraphic correlations” in the context of ~ eessification.
loess? What properties of loess are the basis of such correlations?
Litostrathigraphic changes over every loess profile are a base for proper inter-
profile correlation. The most important are successions of fossil soils and loess
layers;

--158, 165: misspelled words - We improved it; Lines 168-175

--166: "even grain size variations": this is written as if it were a surprise that
paleosols in loess have grain size variations. One of the main expressions of
paleosols in loess in most environments is that soils develop textural Bt
horizons, clay-enriched zones, that have higher clay abundances than the
parent loess. Why is this being stated as an unexpected observation? Thanks
we completely agree with this statement. We deleted the word even; Line 177
--171-172: rephrase: vegetation cover as an influence on soil moisture is NOT
the main control of vegetation on how soil morphology develops. The effect of
vegetation is much more complex and varies tremendously with geography:

under boreal forest, Spodosols can develop; under mixed deciduous forest,

You have missed the point: regardless of the influence of topography, vegetation has other influences on soil
development than simply affecting soil moisture. There are important chemical and physical (e.g. bioturbation)
impacts as well.


Typewritten Text
Change it to 5-10% to accommodate the value given in your other citation (Pye).

Typewritten Text
I have commented below that this is an unhelpful definition unless you explain to the reader what is meant by loessification.

Typewritten Text
You have missed the point: regardless of the influence of topography, vegetation has other influences on soil development than simply affecting soil moisture.  There are important chemical and physical (e.g. bioturbation) impacts as well.


Alfisols develop; under grassland, Mollisols develop; under desert scrub,
Aridisols develop. We agree with the observation that vegetation cover is not
the main control of vegetation on how soil morphology develops. However, in
the sentence “For instance, TOPOGRAPHY and vegetation cover may drastically
influence soil moisture conditions and thus lead to highly diversified soil
morphology.” we used the word TOPOGRAPHY to mention the crucial role of
local relief conditions. Thus, we do not see reason to change this sentence;
--172: rephrase: this is a value judgment as to whether this is the "most
illustrative" example of soil variability - We deleted most; Line 183

--180: "similar" to what? Similarity between LPS formed during MIS 4-3-2 in
Serbian section Ruma and NE Tibetan Plateau and nearby regions in central
Asia;

--183-185: please rephrase: I have no idea what is being said here - We
rephrased it; Lines 193-196

--186-188: if there was only a slight grain size difference, how did you know
what was glacial and what was interglacial? All other properties such as
lithostratigraphy, sediment color, magnetic susceptibility indicate this

statement;

You need to

add 'western
Rousseau take pains to show that the Nussloch section had discontinuous loessgyrope to

--191: this is not correct for at least some parts of Europe. Antoine and

deposition because of the presence of paleosols that they interpret as "tundra e sentence
othwerwise it

gleys". Thanks. We added an example from Western Europe loess province andappears that

cited Antoine et al. 2001 and 2013; Line 204 Antoine’s

paper deals
--193: I suspect the authors mean Bettis et al., 2003, not 2013. If so, then it i, N

is not correct that Bettis et al. said this. Thanks. We replaced 2013 with 2003; America.

Line 204-205 You have missed the point: The reviewer says that Bettis did NOT say this. You need a different
reference or to change the sentence.

--210: pollen assemblages are considered a "lithostratigraphic correlation The problem

property? This is the first I have ever heard of this. Furthermore, pollen is  hereis not

rarely preserved in loess, so was is this said to be a property used "often"? Wzgonen' but

litho-": MS or
agree with this statement, we deleted pollen assemblages; Line 222 isotopes are
--211: please define what you mean by "thresholds" here. — Environmental &°Mt

lithostratigraphi
threshold represents critical value when some environmental factor C properties.

significantly changes its influence to general environmental conditions;


Typewritten Text
You need to add 'western Europe' to the sentence othwerwise it appears that Antoine's paper deals with N America.

Typewritten Text
You have missed the point:  The reviewer says that Bettis did NOT say this.  You need a different reference or to change the sentence.

Typewritten Text
The problem here is not 'pollen' but 'litho-': MS or isotopes are also not lithostratigraphic properties.


--214: please define what you mean by "marginal conditions" here. We
rephrased this sentence; Lines 223-226

--215: "wiggle matching of proxies" is a phrase that has no place in science...
that refers to a very unfortunate tendency for a very subjective interpretation
of time-series data and is an embarrassment to the scientific community.
Please delete this. Thanks. We did it; Lines 226-227

--218: why is this obvious? For example, after each fluvial action previous
vegetation is disturbed and these conditions favor the development of new
better adopted vegetation cover;

--219-221: I don't understand what is being said here at all. - We rephrased
these sentences; Lines 230-236

--221-225: please rephrase all this: this makes no sense. - We rephrased it;
Lines 237-242

--226-228: this needs rephrasing, too: I don't understand what is being said
here. - We rephrased it; Lines 237-242

--232-244: how about citing some studies on methods of identifying loess
sources? There are many excellent studies of identifying loess sources in the
Chinese Loess Plateau and none of them are even briefly alluded to here: Chen
et al. (2007, Geochimica et Cosmochimica Acta); Sun (2002, Earth and
Planetary Science Letters), etc., etc. There has also been a fair amount of work
on loess sources in North America, too. Thanks, we cited papers of Sun et al.,
2002; Chen et al., 2007 and Muchs et al, 2008; Lines 244-245

--246-247: this is a self-obvious statement that can be deleted. We did it.
--247: what does "age information is scale dependent" mean? We rephrased it

to ... may be supported when they have the same age; Line 259-260

see my

--251: what does "terrestrially defined" mean? We changed it to defined based alternative

on investigation of terrestrial environmental records; Lines 261-262 zu?geStion
elow

--254: link between what? We changed /ink with correlation point; Line 265
--260-267: all of this has been said earlier in the paper - We deleted ...
although current research has provided significant progress in inter-profile
correlation and direct comparison of different palaeoclimatic records; Line 279
--283-287: the Great Plains region is not representative of all of North

America's loess. East of the Missouri River, the Holocene was characterized


Typewritten Text
see my alternative suggestion below


primarily by soil development with little or no additional loess deposition, just
as is the case in Europe. Thanks we included this statement; Line 300-301
--321-324: 1 don't believe this statement is correct. Chinese loess goes back
into the Miocene and I don't think "middle Eurasian" loess goes back that far.
The middle Asian loess is not as old as Chinese loess, however it at least
covers the complete Quaternary and in some places late Pliocene. Thus, the
thickness and completeness of middle Asian loess is not questionable.

--325: this is written in sort of a self-congratulatory manner, so I would
rephrase this. We deleted oldest; Line 333

--331-333: magnetic susceptibility does not DATE anything; this figure shows,
at best, a possible correlation. Thanks;

--337-340: this is an outrageous claim, to say that the Serbian/Chinese loess
records in this figure are "stronger" than the marine record. These records that
are presented are not even (apparently) independently dated: where are the
ages? Please recall also that in the obsession in the loess community with MS,

we need to keep in mind that this property is measuring a distinct minority ofyour sentence

loess minerals. Our text does not have any relation to obsession, we just ”eed?'f_ t;’ be
moairie
indicate the remarkable similarity between these two distant loess magnetic accordingly
records; (i.e. mention
! that it is an

--349-351: the Danube Basin does not have a distinctive dry season whereas sccordance of
there is a very distinctive dry winter season in China. How can you say the = MS109s).
loess records are responding to similar dry seasons? Please see the paper by

Hrnjak et al. 2014 published in Theoretical and Applied Climatology journal.

This paper analyzed aridity in the northern Serbian province of Vojvodina and
indicates frequent appearance of dry season especially during the summer

months;

--357-358: you need to cite references for this statement - We cited Markovic

et al., 2012a, 2015; Line 363, 371

--361-362: how can you know this without ages? Funny statement; The

reviewer can read some other papers about this topic

--378-373: "orbital tuning" is circular reasoning - We do not understand this
comment;

--389-392: what this says is that orbital tuning is an invalid approach - Of

I'm not entirely sure exactly what the reviewer refers to but one potential circularity of orbital tuning is that if you make the
assumption that MS responses (to climate) are synchronous (in order to tune the records) then you lose the ability to
understand leads or lags in response at any site to orbital forcing.


Typewritten Text
your sentence needs to be modified accordingly (i.e. mention that it is an accordance of MS logs).

Typewritten Text
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course orbital tuning is not an invalid approach. We just indicated differences
on some calculated time series;

the intended
--406: what does "...a resampled set of phase-randomized surrogates" mean?meaning is still

We deleted ... significance versus the result from a resampled set of phase- Uncear
randomized surrogates; Line 415

--433: you mean Figure 7 here Thanks;

--440: "methodological approach" is redundant — We replaced methodological
approach with relative geochronology; Line 447-450

--442: replace "absolute" with "numerical” - Thanks we did it; Line 452

--444-445: this statement contradicts the previous statement — Thanks, we
rephrased it; Line 453

--450-451: this statement is incorrect. Multiple amino acids have been

measured by gas chromatographic methods for more than 40 years. Thanks,

we excluded words related to method novelty; Line 457

--452-455: the main use of amino acid racemization in loess studies is
CORRELATION from one loess section to another - Yes, but we can also

observe the gradients in AAR rates in wider regions due to differences in mean
annual air temperatures for example. If we take in consideration we can nicely

also correlate different sections inside this region;

--472-473: you have things turned around here: the first question to ask is ¢ reviewer is

this: is there any reason they OUGHT to be correlated? Are there common really asking
WHICH climate

climate controls or forcings on both records? If so, what are they? Climate ispattemsl

base for correlation features are
likely to link the

two areas, e.g.

--493: you mean Figure 8 here. Thanks; Line 501
--508: where did this come from? Cite references. We cited Seelos et al.,  NAO..
2009; Line 520 You have
--510-513: This statement is not true. It was known long before ELSA that ~ missed the
Europe was dusty during the last glacial period. Thanks you are right, howeversglrz;::eur
ELSA record proves evidence of submillenial dust variability in Central Europe should
--517: what are C24 and C23? C24 and C23 are cold events recorded in the :‘:J:zii:;is
North Atlantic region after the last interglacial (MIS 5e) period (McManus et al.glearly.
1994); Lines 525-526

--522-524: how do you know that they are "accurate"? We do not understand
The reviewer is asking whether both records are independently and numerically dated?


Typewritten Text
the intended meaning is still unclear

Typewritten Text
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Typewritten Text
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Typewritten Text
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This does not
this question; offer an
explanation to
the reviewer.
--553: formation of a Bt horizon IS a post-depositional process. Thanks! We

changed it. Lines 562

--525: why is this appearing here now? You were talking about ELSA. Yes;

--568: see earlier comment about "wiggle matching" — Thanks we did the
same like in the previous case; Line 589-590
--585-590: what is the correct spelling of this locality in China? - Correct is

Mangshan not Mangshang;

--586-587: Roberts et al., 2003 and Muhs et al., 2013 are not in the The
paragraph is
references list - We added these references to the reference list; a single
--588: why does this paragraph end here? What is the significance of this? We sentence and
) . does not
also added Asian loess sequences; Line 607 make a clear

--596-599: so which is it? 3 times or 8 times? The values are different in loess point.
and in paleosol sequences

--636, section 6.2.1.: I am not sure this section is needed. There are plenty of
review articles on luminescence dating and they do not need to be repeated
here — We changed the chapter about luminescence chronology focusing just
on improved methods related to dating of the Middle Pleistocene loess-paleosol
sequences. During the last decade significant methodological improvements
happened towards more accurate dating of the Middle Pleistocene loess
deposits and these have not previously been reviewed, especially in a loess
context. These advances are of huge relevance and potential for correlation of
Middle Pleistocene loess sequences. Because of that, we strongly disagree with
removing the luminescence chapter completely. Especially if we want to
discuss about ‘potential improvements’ in terms of stratigraphy, then age
extension of numerical dating is a major part of that. Contrary to what the
reviewers say, this segment of application of luminescence dating has not been
reviewed before. Additionally, we also added a chapter about advances in loess
chronologies based on C14 dating. It is obvious that approaches in those two
segments of loess dating have crucial importance for development of valid

loess interprofile correlations.

--717-720: Give some evidence for why these ages are considered valid. What


Typewritten Text
This does not offer an explanation to the reviewer.

Typewritten Text
The paragraph is a single sentence and does not make a clear point.


is the independent age control? — This is deleted;

--753-758: mass accumulation rates were reported for most of the world in the
September 2003 issue of Quaternary Science Reviews; for China, see Kohfeld
and Harrison (and the earlier study by Sun, which they draw many of their
data from); for Europe, see Frechen et al., etc., etc. Why are none of these
papers cited? We cited these papers. Lines 603

--809: if it lacks secure chemical data, how do you know it is the same from
location to location? Position of tephra layer in same loess unit L4 and typical
concentration of loess sections with this tephra layer indicates potential
trajectory of volcanic ash cloud spreading;

--811-814: MIS 16 is NOT 400 ka! Thanks. This is MIS 12; Line 791
--851-853: Matsura, Preece, Davies, Toms et al. studies are not in the
references list. We included these articles to the reference list;

--Figure 1: this map is completely out of date, for North America, Europe, and
Asia. Why loess in Alaska only considered to be "loess-like"? Pecsi is the author

of this map;
Some of this

For Europe, why use Pesci's 1990 map instead of the far more carefully done difficulty needs
to be
Haase et al. (2006, QSR) map (which Pesci contributed to)? Haase et al. map,cy,owiedged

is more detailed, but complicated and inconsistent methodology caused manyn the paper -

o ) ) __ youneedto
problematic interpretations. Based on the project of INQUA Loess commission, ... inat the

many of national representatives submitted loess maps of their countries. map is known
not to be

Different methodological approaches used for preparation of national maps . .«

caused many problems and further mistakes in final compiling of Haase et al.
European loess map. Thus, for the purpose of having an overview of general

loess distribution, Pecsi’'s map is the best solution up to now;
What you are

For China, why not use Liu's map instead of something done by a European sayingis that
] , . youfind it
who has not even worked there? Please see our answer to reviewer’s previous, scier to use
comment; an inaccurate
. . . map?
--References: note absences of papers cited in the text, but not in the

reference list.

The senior author lists his 2012 paper three times in the reference list. Thanks

we solved it;


Typewritten Text
Some of this difficulty needs to be acknowledged in the paper - you need to state that the map is known not to be accurate.

Typewritten Text
What you are saying is that you find it easier to use an inaccurate map?


Go through the whole paper and check everything, please. Thanks once more
for a lot of invested energy and time as well as detailed and constructive

criticism which will significantly contribute to the final quality of this paper.

Reviewer #3:

Introduction and brief historical overview are ok. However, I do not accept to
refer papers, which are only submitted (line 90). We excluded this reference.

That was also suggested by reviewer #1;

Line 126

but
A similar sentence can be found in Pécsi 1990 about the coverage of 10% of oeee
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Abstract

Loess correlations are one of the most common research topics in global loess research. In
spite of significant progress in the development from speculative to quantitative research

methods, even in some recent investigations application of loess correlations is still in many

aspects too speculative.-evenin-somerecentinvestigations-application-of loesscorrelations

is-still-everestimated. The aim of this overview is to provide an adequate evaluation of
accuracy of the loess correlations application on different temporal and spatial scales. This
opens up possibilities for detailed temporal and spatial environmental reconstructions

across the huge loess provinces of the-Eurasia and Northern America.Nerthern-Hemispheric

eentinents. In this study, we additionally evaluated the potential development of
appropriate sub-millennial scale loess correlations, as well as essentially important
chronological approaches for establishing valid correlations of different loess records, such

. . 14 . .
as current improvements in tephrochronology, ~"C and luminescence dating

techniguestrainessonee-datingiochriguesand-iephrochrensley,

Key words: correlations, loess-paleosol sequences, Northern Hemisphere, Pleistocene
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1. INTRODUCTION

Loess-palaeosol sequences are widespread and detailed paleoclimatic archives, especially
common in the mid-latitudes of the Northern Hemisphere (e.g. Pécsi, 1990; Smalley et al.,
2011, Figure 1). In most cases, these terrestrial sequences display common stratigraphic
features useful in intersite correlations across wide regions, allowing for past environmental
reconstruction at a continental scale (e.g. Markovi¢ et al., 2012a, 2015). However, contrary
to the ice cores, deep-sea or lacustrine sediments that are characterized by more or less
continuous sedimentation, loess-palaeosol sequences are more complex depositional
systems with significantly different accumulation rates, more dynamic environmental
thresholds and higher sensitivity to erosion (e.g. Stevens et al., 2006, 2008, 2011). In
addition to recording global/hemispheric/regional climatic signals, loess-palaeosol
sequences can also be influenced by the local conditions (e.g. Vandenberghe, 2012;

Vandenbeghe et al., 2014), particularly because most of them are near when-elese-te-major

river systems. Understanding relationships between the widespread loess-palaeosol
sequences in particular regions may provide insights into both local influences at particular
locations and general regional climatic trends. Although ongoing research is yielding
significant progress for inter-profile correlations and direct comparison of different
palaeoclimatic records can sometimes be achieved, valid correlations on regional or even
continental scale are still only possible on the first order level (i.e. at the level of Marine

Isotope Stages (MIS), MHS-or glacial loess and interglacial pedocomplex units whose

formation was driven by orbitallypaced changes in hydroclimate). However, rapid
improvements in radiemetrie-dating techniques will result in a much better understanding
of chronostratigraphic variations in loess sequences in the forthcoming years (e.g. Thiel et

al., 2011; Murray et al., 2014). Refinement (following a well-established community-wide
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protocol) in the existing ehrenestratigraphic models applied to loess-palaeosol sequences in
Eurasia and-generally, the-whole NorthernHemisphere should open possibilities for more
detailed temporal and spatial environmental reconstructions, particularly given the fact that
loess is one ofby-far the most widespread terrestrial paleoclimate archives. The
establishment of such models is crucial for a better understanding of the last glacial-
interglacial climatic and environmental evolution at the continental/hemispherical scale by
constraining the specific local influences at particular sites and also by integrating the loess-
palaeosol records within the larger grid of paleoclimate archives, such as that already
achieved for lacustrine, speleothem or ice core records (Bazin et al., 2013; Veres et al.,

2013). This review primarily has a Eurasian emphasis because the longest, mostly

climatically controlled loess records are generally know from loess plateaus of Europe and

Asia.

2. BRIEF HISTORICAL OWERVIEW OF LOESS CORRELATIONS

Correlations between different loess profiles or between loess stratigraphy and

paleoclimatic teess-earrelationsbebween-differentloessprafilesortonaleachmatic

{stratigraphic}-models were attempted very early in the history of loess research (e.g. Penck
and Briickner, 1909; Laskarev et al., 1926; Baczak, 1942; Soergel et al., 1926; 1926;

Gotzinger, 1936; Zeuner, 1938, 1956; Thorp and Smith, 1952; Simonson and Hutton, 1954;

Ruhe 1956, 1969). In this initial stage, loess correlations were highly speculative (e.g.

Markovi¢ et al., 2016). The Sub-Commission of European Loess Stratigraphy of the
International Union for Quaternary Research (INQUA) was created in 1961, at the 6™ INQUA

Congress in Warsaw, Poland, and is still active as the Loess Focus Group of INQUA. This
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international research initiative succeeded, despite the strong political competition and
isolation between western capitalist and eastern communist states at the time (Smalley et
al., 2010). With the purpose of creating a common European loess stratigraphy, the sub-
commision promoted pedostratigraphic criteria as a working model for inter-profile
correlations (Fink, 1962). Simultaneously, during the 6™ INQUA Congress Liu presented a
long and uniform loess stratigraphic record of the Chinese Central Loess Plateau. These
stratigraphical observations were published a year later in a significant publication by Liu
and Chang (1962), and then loess research in China experienced a scientific hiatus+{Smakey
The pedostratigraphic concept culminated in the studies of Bronger and co-workers
(Bronger, 1976, 2003; Bronger and Heinkele 1989; Bronger et al., 1998). They presented the
first attempt at a Eurasian continental loess correlation. The main limitation of this
correlation is an idealised concept of uniform response by such diverse terrestrial

environments to global climate change.

Investigation of loess exposures at Red Hill (Cerveny Kopec, Czech Republic) and
Krems-SchieRstattech (Austria), provided the background for correlations between
terrestrial loess deposits with the oscillations recorded in deep-sea sediments, both
reflecting paleoclimatic oscillations (Kukla, 1970, 1975, 1977; Fink and Kukla, 1977). In spite
of the relatively speculative background of the glacial cycle concept that Kukla applied to

loess-paleosol sequences, these chronostratigraphic interpretations are still valid.

The development of magnetostratigraphic techniques and opened re-epeningefthe «

loess community, China to collaboration with international scholars and completely

shifted global scientific interest towards the multiple loess-paleosol couplets of the
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Chinese Loess Plateau in-China-completelyshiftedseientificinteresttowards-the Chinese

multipleloess-paleeselcouplets(Heller and Liu, 1982, 1984). Kukla (1987) and Kukla and

An (1989) created a new Chinese loess chronostratigraphic model. This new stratigraphic
approach, based on paleomagnetic polarity zonation and direct correlation between
loess-paleosol magnetic susceptibility (MS) variations, significantly improved previous
stratigraphic subdivision of the Malan, Upper and Lower Lishi and Wucheng formations
based on litho- and pedo-stratigraphic criteria (e.g. Liu, 1985). Observed enhancement
of the magnetic signal as a consequence of pedogenic processes appears to be valid for
a huge Eurasian semi-arid loess belt (e.g. Maher, 2016). Measurement of loess MS is
therefore a rapid and consistent tool for inter-profile correlations, even over very long

distances across Eurasia (Markovi¢ et al., 2012b, 2015). In Siberian and Alaskan LPS, the

opposite pattern is observed, higher MS in unaltered loess and lower in paleosols (e.g.

Beget, 1990; Chlachula et al. 1998). However, this contrasting patter is beyond the

scope of this study, since the use of MS for inter-profile correlation of Siberian and

Alaskan loess-paleosol sequences has been limited, while correlations based on the

model of magnetic enhancement via pedogenesis have been widely applied in the

temperate Eurasian loess belt. Finally, recent improvements numerical directof

radiemetricabselute-dating techniques, such as radiocarbon and luminescence dating,
provide new possibilities for validating loess inter-profile correlations especially of
younger loess-paleosol sequences (e.g. Stevens et al., 2008; Pigati et al., 2013). Since the
early 1980s when luminescence methods were first applied to loess dating, this
approach has been critical in development of loess chronologies and, in turn, the
development and testing of luminescence dating protocols themselves. Limitations in

terms of precision and treatment of older ages do exist however, but it is envisaged that
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efforts to surmount these will also lead to significant progress in the dating of loess

through various new protocols.heweverdo-exist-butitis-envisaged-thateffortsto

physic-chemicalcharacteristies: | [ Formatted: English (United States)

3. SEDIMENTOLOGICAL GENERAL-CHARACTERISTICS OF DIFFERENT TYPES OF LOESS

RECORDS AS A BACKGROUND FOR APPROPRIATE INTER-PROFILE CORRELATIONS

Loess and loess like deposits cover approximately 10% of continental surface (e.g. Pye,

1987; Pecsi, 1990Smalley-etal-2011). Thus, these sediments are associated with many Formatted: Font: 11 pt, English
(United States)

different landformsgeemerphelogical-units, as well as climate and vegetation zones (Figure
1 and 2). Under these different environmental conditions, we can identify a diversity of
depositional modes related to equivalent types of loess and loess Jike primary and
secondary deposits. It has been suggested that for secure (and paleoclimatically meaningful)
inter-profile correlations of loess the best approach is to focus on sections formed through
dust deposition and subsequent pedogenesis on stable plateau-like landforms (sensu Pécsi,
1990; Sprafke and Obreht, 2016), as such loess-paleosol deposits are predominantly
controlled by climatic variations (Figure 2). Long-term erosional processes on loess plateaus
should be largely confined to relatively small and short-lived gullies close to the steep
tableland margins (Markovi¢ et al., 2012a). However, even for conditions of plateau-like
deposition some erosional events could be expected (e.g. Markovic et al., 2011) and
therefore the completeness of loess-paleosol sequences must be verified through multi-

proxy analyses and high-resolution dating. For example,remobilization of loess by the wind
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may occur even on relatively flat tablelands (Sweeney and Mason, 2013), especially under
dry environmental conditions with sparse or diminishing vegetation cover. All types of loess
deposition on slopes are associated with processes such as erosion, reworking, and re-
deposition, representing a more dynamic sedimentological environment that usually is not

adequate for the formation and preservation of typical loess;-. Typical loess is aeolian dust

accumulated in situ and transformed by loessification pres, but mostly preserved

without significant impacts of other post-depositional processes (Sprafke and Obreht, 2016).

Under specific conditions, typical loess can even be preserved as a high-resolution, though

not long-term, record in sedimentary traps such as paleodepressions.

Lithostratigraphic correlations of loess records seem to be a favorite topic in

international loess research today (Antoine et al., 2016; Haesaerts, 2016; Schirmer, 2012,
2016; Lehmkuhl et al., 2016). They are often based on similar macroscopic properties of
specific loess layers and paleosol horizons, apparently correspondence of ages between
various sites and links with palaeoclimatic proxies. However, there are numerous potential
pitfalls that may obstruct such correlations (Vandenberghe, 2012). A few examples may

illustrate them.

1. Palaeosols play a crucial role for correlation purposes, especially when alternating
with loess layers in long records in which they express mainly interglacial periods on an
orbital times scale, and/or even the imprint of long and warm interstadials. This approach

has been applied frequently in East Asian loess studies since the pioneering work of Liu
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(1985) (e.g. Kukla and An, 1989; An et al., 1990; Ding et al., 1990; Porter, 2001; Sun et al.,
2006) but also in other regions (e.g. Antoine et al., 1999; Muhs, 2013) and at a continental
scale ( Markovic et al., 2012a). If corresponding pedostratigraphic horizons were correctly
identified within and between records, such intersite correlations are of great significance in
the comprehension of regional paleoclimatic evolution. Palaeosols have often been
identified by characteristic proxies and sedimetological features such as decalcification,
magnetic susceptibility, pollen associations and even-grain size variations. However, all
these proxies are the reflection of specific pedological and geomorphological processes and
environmental conditions that may have different expressions at different timescales and
even at a local spatial scale. Sediment provenance and periodic fluctuations in the strength
(and thus input) of different sources of material is also a crucial factor in loess
characteristics. For instance, topography and vegetation cover may drastically influence soil
moisture conditions and thus lead to highly diversified soil morphology. Fhe-An mest
illustrative example of soil variability at a scale of tens of meters is described at Ruma
(Vojvodina, Serbia) by Vandenberghe et al. (2014). In that case, similary aged palaeosols
vary laterally from a black organic, chernozem-like soil to a brown coloured, inorganic soil as
a consequence of local topographic differentiation. Another example is the Lohne soil in
German loess sections which shows strong variability as a result of local site differentiation

(Sauer et al., 2016).

2. The use of another favorite proxy for correlation, the grain size of loess layers, may

pose similar problems. Fhatprexy-Grain size profiles can be esutdbe-applied convincingly in

the loess records of the Chinese Loess Plateau (e.g. Liu, 1985; Vandenberghe et al., 1997),
but also applied in other loess regions for correlating lithostratigraphic units in cold-warm

successions (e.g. Meszner et al., 2014). In contrast to the Loess Plateau, it appeared that the
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last glacial period, encompassing MIS4-3-2, was-is very difficult to subdivide by grain size

variation in records of the inadjacentrecordsofthe-NE Tibetan Plateau and nearby regions

in central Asia (Figure 3, Vandenberghe et al., 2006). Similarly in the aforementioned case of
the Vojvodina loess at Ruma only a slight grain-size difference, slightly exceeding internal
variability, could be observed between glacial and interglacial loess layers in contrast to the
Central Chinese Loess Plateau (Vandenberghe et al., 2014). In the Great Plains, USA, the
interglacial Bignell Loess can be as coarse as underlying full- to late glacial Peoria Loess

(Miao et al., 2007).

3. Lithostratigraphy based loess-palaeosol correlations mostly assume continuous loess
deposition (although in the central USA, highly discontinuous deposition has been the

general interpretation {(e.g. Antoine et al., 2001, 2013; Bettis et al., 26432003}). However, it

has been shown that important sedimentary hiatuses often occur in loess records previously
thought to be continuous (Lu et al., 2006; Stevens et al., 2007). An illustrative example is the
section-Tuxiangdag at Xining where a considerable hiatus was discovered in the upper part
of the last-glacial loess deposition by detailed OSL-dating (Buylaert et al., 2008; Vriend et al.,
2011). Grain size analysis of the loess showed that the loess at that site is characteristically
coarse-grained and was transported from a nearby fluvial terrace deposit of the Huangshui
river during storm events. It will depend on the local conditions whether sediment is
trapped or an interval of non-deposition is created or even older sediment is deflated by
such strong storm winds. Important site conditions may be, for instance, topography (wind
facing vs wind shadowing) and absence or presence of a vegetation cover to capture and
protect deposited loess. Such hiatuses must not be overlooked in the case of
lithostratigraphic correlations. Such a risk may appear, for instance, from the correlation

between the aforementioned section of Tuxiangdao and neighboring sections on the
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Chinese Loess Plateau and central Asia (Figure3; Vandenberghe et al., 2006; Vriend et al.,

2011).

4. Lithostratigraphic correlation is often based on correlation of specific proxy signals

such as;ferinstance; pollen-assemblages;-grain-size properties, magnetic susceptibility,

isotopes, etc. However, the existence of thresholds cannot be ignored in these correlations.
As a result, different proxy sensitivity to environmental thresholds may show a specific
reaction in certain conditions while not giving any expression at all in other conditions. Asa avoid repetition

result, 3 proxy may show a specific relationship with environmental factors under some

conditions while not giving any expression at all in other conditions that are below the

response threshold.

could-be-of decisive-influenceforexpressing-any-reaction—Therefore, comparison between

proxy record trends is sometimes a successful approach wiggle-matehing-ofproxiesis

sometimes-a-successful-approach-(Zeeden et al., in press), whereas in other circumstances it
is not (Bokhorst and Vandenberghe, 2009). In addition, some proxies need reaction time: for
instance, fluvial action and vegetation adaptation show obvious delay times vis-a-vis climatic

changes (Vandenberghe, 2002). Furthermore, correlation by different proxies can be even

this is confusing: do you mean
that multi-proxy (multi-variate)
correlation should be avoided or
same for each proxy. Therefore, inter-linking, e.g., grain-size signals, magnetic susceptibility, that correlation between profiles
A and B by grains size but
between B and C by
susceptibility should be
avoided?

more risky since the driving factors, marginal conditions and threshold values are not the

isotopic or palynological data from one site to another should be avoided in the absence of

isochronous marker horizons, such as tephra layers, that allow for a better quantification of

proxy data integrity and the potential Furthermore,correlationby-differentproxiescould-be

12
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263 environmental reconstructions.

264 5. Further, proxy signals are often tele-connected by the intermediary of climatic your description of 'supposed’
synchronous climate changes works against your idea of

265  conditions that are supposed to be synchronous and act as the driving force behind the .
teleconnection.

266  signals in the correlated proxies. Circular reasoning is an imminent danger when first

267  assuming common effects of a certain climatic signal tele-connecting different proxies and

a specific example would be
helpful here. This is a bit
opaque.

268 | then subsequently deriving a specific tele-connection between proxy signals based on the

269  same climatic conditions. Examples are given, for instance, by Blaauw (2010).

270 6. The provenance analysis of sources of dust particles that form loess deposits are of

271 | considerable and growing interest (e.g. Sun, 2002; Chen et al., 2007; Aleinikoff et al. 2008;

272 | Muhs et al., 2008; Stevens et al., 2013a). Loess is a near-source archive of dust and has the

273  capacity to provide valuable information on the activity of dust sources in the past. Given
274  the complex relationship between atmospheric dust and climate change, knowledge of the
275  sources of dust provides critical insight into the controls on dust emission and potential
276  climate impact. The proper interpretation of many climate proxies from loess records, as
277  well as a valid inter-profile correlations, also relies on detailed knowledge of dust sources.
278  Mineral magnetic signals are influenced by detrital ferromagnetic assemblages (Maher et
279  al., 2009, 2016) while grain-size changes and mass accumulation rates can be heavily

280 influenced by source proximity (Ujvari et al., 2016; Stevens et al., 2013b). More generally,

281  knowledge of loess source gets to the heart of questions over the production of loess
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material (Smalley et al., 2009) and can provide insight into large scale landscape and climate

evolution (Nie et al., 2015).

7. Afinal warning applies to the use of chronostratigraphical or chronological
information. Of course, correlation of different lithostratigraphic units may be supported

when they have the same age-—Hew

each dating technique has its own precision, accuracy and reliability limitations. An example

of discrepancies arising from the use of different dated proxy records is provided by the
the

positioning of the-terrestrially-defined-Hengelo interstadial defined based on investigation

of terrestrial environmental records in the framework of the Greenland ice-core record

(Vandenberghe and Van der Plicht, 2016).

over-riding
Thus, one primordial rule should be applied to loess correlations: it is absolutely

necessary to approach each potential correlation pointlnk by a careful evaluation of the
causal geomorphic-sedimentary-pedogenic processes that underlie the value of the
concerned proxy records (Vandenberghe, 2012; Lehmkubhl et al., 2016) and the local
conditions, such topography, vegetation cover, microclimate, sediment availability, that
determine those processes and thus loess transport and deposition, as well as post-

depositional pedogenesis.

4. GLACIAL/INTERGLACIAL SCALE LOESS CORRELATIONS

Loess-paleosol sequences are produced by much more complex depositional systems with
significantly different accumulation rates, more dynamic environmental thresholds and
higher potential for erosion than the ice records, deep-sea or lacustrine sediments
characterized by more or less continuous sedimentation (e.g. Stevens et al., 2007). Thus, for
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loess, at the moment, convincing correlations on regional or even continental scale are onl

possible on the level of first order units (i.e. MIS or glacial loess and interglacial

pedocomplex units), altheughcurrentresearch-hasprovidedsignificant progressininter

41,  HEMISPHERIC SCALE

The North American and Eurasian loess records are significantly different, and with the
current state of understanding of loess-paleosol formation, the possibility of detailed

correlation on the hemispheric scale is limited. A convincing explanation for the contrasts

Y

has yet to be developed, and will require detailed comparison of the paleoclimatic setting of

major loess sources during both glacials and interglacials, issues of sediment supply and ice

sheet evolution on each continent. In both North America and Eurasia, a paleosol marking
the last interglacial is widely recognized (i.e. S1 in Eurasia, the Sangamon Soil in North
America), as is a relatively thick and rapidly deposited full-glacial loess unit (L1 in Eurasia,
Peoria Loess in North America). However, both the older loess stratigraphy of previous
interglacials-glacials and the detailed stratigraphy of the last glacial cycle differ substantiall

between continents (see Bettis et al., 2003, for a North American summary). Figure 4

Yy

illustrates especially striking contrasts in the temporal dynamics of loess-paleosol sequences

during the last 16 ky in three typical loess regions of the Northern hemisphere: the central
Great Plains (Mason et al., 2008), the Middle Danube Basin (Stevens et al., 2008; Markovi¢
et al., 2014) and the central Chinese Loess Plateau (Dong et al., 2015). These generalized
chronostratigraphic models show that the major episode of soil development in the centra
Great Plains occurred during the Late Pleistocene to Holocene transition, followed by

intermittent loess accumulation throughout much of the Holocene, in contrast to the
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predominance of Holocene soil development in Eurasian loess provinces e.g.( Dodonov and

Zhou, 2008) and even in central North America east of the Missouri River (Bettis et al.,

2003). - These differences suggest that the local expression of global climate variations of

the past 16 ky was different in the Great Plains than in the Eurasian loess regions, especially
with regard to moisture availability. Different thresholds for dust production and the
availability of source sediment may also play a role. It is also important to note that the
stratigraphy shown in Figure 4 can be identified in near-source sections over a large part of
the central and northern Great Plains (Mason et al., 2008), it becomes obscured over

relatively evershort distances downwind.

Generally, loess-paleosol sequences in Eurasian loess plateaus are stratigraphicaly
than what?

less diverse. However, there are some important differences in the onset of soil formation
and the cessation of loess deposition within the Eurasian loess provinces, Dong et al. (2015)
suggest that this asynchronous soil development during the transition from the last glacial
to Holocene was caused by different environmental response to changes in climate forcing.
If a major global climatic shift such as transition from the last glacial to Holocene does not
dictate a uniform response of the terrestrial ecosystem, it is hard to imagine that climatic

fluctuations of smaller magnitude during the glacial or interglacial phases would be

characterized by hemispheric synchronicity in environmental changes (Figure 4).

A remarkable feature at the top of Chinese sections is LO loess unit. Still under
debate is whether LO is a consequence of the East Asian Summer Monsoon weakening or
instead can be connected with long and intensive human impacts to the environment of the

Central Chinese Loess Plateau (e.g. Zhou et al., 2016).
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Because of these significant, environmental differences between North American
and Eurasian loess records, establishing proper chronology is essential. Thus, further steps
towards appropriate hemispheric loess correlations at least for the last glacial and Holocene
records, have to include high-resolution dating necessary for establishment of robust age
control. Only in this case can we have a complete overview of the temporal and spatial

diversity of continental environmental change on a hemispheric scale.

42-4.1.  CONTINENTAL SCALE

Loess over the Eurasian continent is characterized by a considerable diversity of loess
sequences from the arid and semi-arid zones in Central China, Central Asia, Black sea and
Caspian lowlands and the Lower and Middle Danube Basins to the humid periglacial
European loess regions, as well as the periglacial and subarctic frozen loess zone in Siberia

(e.g. Dodonov and Zhou, 2008; Chlachula et al., 1998). The eldest; thickest and most

complete, as well as best prezerved loess-palaeosol successions are related to a great
middle Eurasian semi arid loess zone. Spatially, this great continental loess belt spans

approximately 45° and 30° N latitude (Markovi¢ et al., 2012a).

Markovi¢ et al. (2015) presented the remarkable accordance between North Serbian
(the Middle Danube Basin) and Chinese loess records (Figure 5). This approach opens up the
possibility for a transcontinental correlation of European, Central Asian and Chinese loess
sequences, using a standardised nomenclature and chronostratigraphic model. For a direct
correlation of two very distant loess regions, the composite Danubean type sequence
Mosori/Stati Slankamen (Markovi¢ et al., 2015), and the Chinese Loess type sequence of
Luochuan (Hao et al., 2012) have been employed. Figure5 shows that the loess
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chronostratigraphies in Northern Serbia and in the Central Chinese Loess Plateau from SO to
S8 based on MS variations correspond strongly. This transcontinental loess correlation
reveals also that there are significant similarities between these two geographicallydistant
environmental magnetic loess records. Serbian and Chinese loess records have almost
identical general multi-millennial and longer-terms pattern of MS variations and even often
have a close correspondence on shorter timescales. This correspondence appears to be
stronger than the correlation with the globally integrated marine records, potentially
suggesting a similar response of continental climate to global changes that differs from

shifting ice volume.

If we accept that the similarities are not solely a function of the way that the
environmental magnetic record as reflected by MS is recorded and preserved in continental
loess records, a similar environmental evolution needs to be postulated for these regions
situated on opposite sides of the Eurasian continent. Three the-most important factors
promoted these similarities: 1) extension of the climatic trend of Pleistocene aridification
from Asia to southeastern Europe, expressed as general interglacial aridification based on
paleopedological and climate proxies and higher accumulation rates observed in younger
loess units indicating drier and more dusty glacial conditions (e.g. Buggle et al., 2013;
Markovic et al., 2015); 2) despite fundamental differences in dominant climate modes in the

Danube Basin (temperate continental) and China (monsoon), the significant imprint of the

dry season’s influence on these distant loess records is very similar (Markovic et al., 2012a)

{Markeovié-etal—2042a)- generally the same style of loess deposition;, indicated by the
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almost parallel position of the multiple loess-palaeosol sequences that have been formed

and preserved on loess plateaus (Markovic et al., 2012a).

In spite of the general similarities, there are also some significant differences
between these loess records. The absolute magnitude of these MS values is significantly
higher in the Central Chinese Loess Plateau than in the Danube loess. The most likely reason
for this is the higher background MS of the parent material, More importantly, contrary to
the almost uniform amplitude of the absolute MS values in Danubian loess and palaeosol
units, the Chinese palaeosols from S8 to S6 are significantly smaller in comparison to the
younger fossil soils. Additionally, accumulation rates differ in the Danube Basin and China

over this time interval (Figure 5).

Stevens et al. (2011) also noted specific differences between the Crvenka (Vojvodina,
Serbia) and Beiguoyuan (Chinese Loess Plateau) climate and accumulation records on
millennial time scales, notably in the timing of peak sedimentation and reeerding of abrupt

fluctuations in MS and grain size. These differences suggests that while overall continental

or that because of non-linear

scale climate changes are relatively uniform, there are differences in shorter, more abrupt . .
responses and differences in

events and in the nature of certain periods. The nature and reasons for these differences is absolute temp or precipitation
thresholds were crossed at
an exciting avenue of future research that should bring- providesignificant insight into the  different times on the same
) ) ] ) ) ) ) climatic transition
dynamics and forcing of regional scale climate in the context of global and hemispheric

shifts.

4-3-4.2.  REGIONAL SCALE
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Valid regional interglacial/glacial loess correlations are more frequent than those attempted,
intercontinental scales. The initial chronological framework for loess—palaeosol sequences
was established by means of palaeomagnetism (e.g. Heller and Liu, 1982; Liu, 1985) and
subsequently by using a correlation of the MS to marine isotope data (Kukla et al., 1988),
later also grain size data was utilized (Porter and An, 1995; Vandenberghe et al., 1997) and
direct orbital tuning was performed (e.g. Ding, 2002). Orbitally tuned MS and grain size
records from quasi continuous loess—palaeosol sequences on the Chinese Loess Plateau
have been generated to investigate the evolution and variability of the East Asian monsoon
mostly during the Pleistocene, as well as for direct comparison with other major global
records (Prokopenko et al., 2006; Tzedakis et al., 2006) or paleoclimatic models (e.g.

Bassinot et al., 1994; Lisiecki and Raymo, 2005).

Similarities of environmental magnetic records of different sections in the Central
Chinese Loess Plateau are significant even if they are more than 200 km distant. Figure 6
compares orbitally tuned MS records of type sections on the Central Chinese Loess Plateau:
Luochuan (Heslop et al., 2000), Lingtai (Ding et al., 2002), Lingtai and Zhaojiachuan (Sun et
al., 2006), and a composite marine oxygen isotope record from the north Atlantic
(Shackleton et al., 1990, 1995). It is clear that the boundary ages of S3, S5, L9, S13, S22, S25,
$28, S30-31 and S32 are different among the three age models (shown as shaded bars);
more work on tuning and correlating these records to resolve the chronological details will

be necessary.

Well-documented regional loess stratigraphy spanning numerous glacial-interglacial
cycles, as in the Central Chinese Loess Plateau, clearly provides the opportunity for

statistical analysis of correlations among loess records and between those records and other
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paleoclimatic datasets. Recent work has more clearly identified potential problems with

such analysis and pointed toward solutions. Correlation of proxy data sets in geosciences is

classically done using the Pearson or Spearman correlation methods (Pearson, 1895;

Spearman, 1904). Especially for significance testing, issues of non-normal distribution, serial

correlation, and often also limited data sizes may limit their direct applicability. These

potential issues are, however, often ignored for simplicity. More complex measures have

been proposed (e.g. Mudelsee, 2003; Olafsdéttir and Mudelsee, 2014), but may not always

be practical inpractice due to the necessity to determine multiple parameters prior to

significance testing. Using differences between data points rather than the raw data may what does this mean? What

is the distinction you are
counter spurious correlations that result when using classical correlation parameters —r-eur trying to make?

randomized-surrogates-(Baddouh et al., 2016; Ebisuzaki, 1997; Meyers, 2014; Zeeden et al.,
2015) using classical correlation parameters may be a preferable option for many cases.

Such approaches are incorporated in the R ‘astrochron’ package (Meyers, 2014), including
same again, but slightly
different expression. Is the

difference important to your
Statistical techniques can be expected to be useful for long datasets spanning at argument (I can't tell)?

the option of correlating differences of datapoints instead of dataseries itself.

least several glacial/interglacial cycles, but may be of limited use when regarding rather
short loess sections without clear patterns. For applications in loess research see (Zeeden et
al., 2016).
Hilgen et al. (2014) discuss the limited use of significance for real geoscientific
- . . . W sentence. | .
datasets, mainly in respect to cyclostratigraphy and time series analysis; [arge parts of their

discussion can be applied to correlation and tuning of loess, It is important to realise that

geological records do not represent perfect time series and proxy data are often not
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normally distributed, limiting the strict application of statistical procedures and the

explanatory power of statistical measures despite their unquestioned value.

On orbital time scales, coherence and typical frequency patterns have been used for
testing correlations in marine and also loess records in mostly qualitative ways (e.g. Basarin
et al., 2014; Heslop et al., 2000; Sun et al., 2006), but potential bias by previous alignment
has been put forward (Shackleton et al., 1995). Amplitude investigations are favourable for
testing time scales especially when wide precession filters are used (Zeeden et al., 2015),

and were applied by {e-g, Sun et al., 2006).

Correspondence between MS records, as observed af the Central Chinese Loess
Plateau, is also visible for Serbian loess sections during the last five glacial/interglacial
cycles. Despite Mosorin and Batajnica loess sections being 45 km apart, the patterns of MS
records are almost identical in the sections, except for the difference in thickness of the
stratigraphic units. Even some details, such as the appearance of highly weathered
remnants of tephra shards, observed in the loess units L2 and L3 (very base) are identified at
both sections (Makovic et al., 2009, 2015; Figure 67).

Unfortunately, other examples of regional loess correlations at interglacial/glacial
scalesjn other European, Central Asian and North American loess provinces are not clear
enough-asin-thecase-ofloesssections-at the Chinese or Serbian Loess Plateaus (e.g. Ding et
al., 2002; Makovic et al., 2015). In complicated loess deposition conditions and in more
problematic stratigraphic situations related to European loess, the application of amino-
acids racemisation (AAR) relative geochronology has been proved very powerful,_Paleo- and

environmental magnetism, coupled with humerical luminescence or radiocarbon dating, is

currently the preferred approach for reconstructing chronostratigraphies within loess in
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general. However, Fhis-methodological-approach- AAR relative geochronology can provide

valuable information applicable to a wide range of stratigraphic problems, depositional

environments, and timescales (Penkman and Kaufman, 2012).4a-spite-efthatpaleoand

stratigraphy- These resulting chronostratigraphic interpretations for the four youngest

glacial/interglacial cycles enabled the revision of the previous 'classical' stratigraphic
schemes (Zoller et al., 1994; Oches and McCoy, 1995a, 1995b). Meoreadvancedreverse-
phaseliquid-chromategraphy-AAR methodology was subseguenthyapplied tejnorthern
Serbia (Markovic et al., 2004, 2005, 2006, 2007, 2011) and Hungary (Novothny et al., 2009)
approximately one decade later. This technique has the considerable advantage that
multiple amino acids can be measured, with varying racemization rates, meaning that for
the first time stadial-interstadial differentiation was achievable. The application of AAR
relative geochronology to the long-term loess-palaeosol sequence at Stari Slankamen
indicate that the AAR methodological approach can be a powerful tool in resolving

glacial/interglacial cycles younger than the last 700 ka_(Markovi¢ et al., 2015). Additionally

the erosional hiatus suggested by the MS record and presence of a gravel unit at the site
was confirmed using AAR and shown to indicate that pedocomplex S2 and part of the
bracketing loess units are missing at the site. Recent improvements in the sensitivity of the
AAR geochronological approach (Penkman and Kaufman, 2012) have the potential to

improve the validity of loess-correlations in forthcoming investigations.

23


Cross-Out

Cross-Out

Inserted Text
also

Cross-Out

Inserted Text
in


511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

5. MILLENNIAL SCALE LOESS CORRELATIONS

Crucial scientific discoveries in paleoclimate research in the last decades of the 20th
gentury have been related to the identification of abrupt climate changes during the last
glacial cycle in the North Atlantic region (known as Dansgaard—Oeschger and Bond cycles,
and Heinrich events defined by Bond et al., 1992, Dansgaard et al., 1993). The specific
patterns of numerous short relative warm intervals known as Greenland Interstadials (Gl)
became a stratigraphic standard for the last glacial period and development of the so-called
event stratigraphy (Bjorck et al., 1998; Blockley et al., 2012). Similar millennial scale climate
variations have been discovered in Eastern Asian speleothems representing detailed
evolution of East Asian Monsoon atmospheric circulation (Wang et al., 2008; Cheng et al.,
2012). However, is it possible to directly correlatethe loess-paleosol sequences and
Greenland ice-core event stratigraphy? Keeping in mind the netices made in previous
section, it should first be mentioned that even the high resolution loess records were not
continuous at least on millennial timescales (Stevens et al., 2006, 2007). Second, these
sedimentary gaps are also controlled by processes associated with conditions of local air_
borne dust trapping, paleo and recentgeomorphological dynamics and preservation
conditions,This is a significant limitatien factor for preservation of continuous loess records,
as well as for suitable reconstruction of climatic and environmental dynamics. The main
mechanism of North Atlantic abrupt climate change imprint to the loess-paleosol sequences
is long distance humidity supply associated with Westerlies circulation (e.g. Vandenberghe
et al., 2006). Thus, it is legig that such correlations between loess and ice core records are

substantialfor sections characterized by strongerand-moreconsistent-climaticinfluence-of

Westerlies-as-a-driverof teleconnections-with climate instability in the North Atlantic region.
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However; despite these limitations some sedimentary intervals preserved in huge Eurasian

loess belt hold the potential for correlation with Greenland ice-core event stratigraphy,

5.1. REGIONAL SCALE

Yang and Ding (2014) analyzed grain size of eight thick loess sections in the northern
Chinese Loess Plateau, and constructed a stacked 249-ky-long grain size time series of
millennial-scale variability (termed the “CHILOMOS” record). According to the latter
authors, this stack documents most of the millennial-scale climatic events registered in
Greenland and in Chinese stalagmites. As shown in Figure 78, the impact of millennial-scale
climate events have been archived within loess records from in the Chinese Loess Plateau
during the last and penultimate glacials, and also took place in the last and penultimate
interglacial complexes, but at a relatively low frequency. In addition, the stack shows
millennial-scale climatic events superimposed on a prominent cooling trend during the last
and penultimate glaciations, consistent with the pattern of increasing global ice volume,
Thus, the CHILOMOS record may provide a common time scale and a comparative reference
for millennial-scale records of Chinese loess, and will facilitate correlation of climate records
from different archives such as Chinese speleothem (Wang et al., 2008; Cheng et al., 2012),
the LR04 benthic 6180 stack (Lisiecki and Raymo, 2005), the EPICA Dome C temperature
anomaly in Antarctica (Jouzel et al., 2007), and the combined NGRIP 6180 record from
Greenland (5-point smoothed) (North Greenland Ice Core Project members, 2004; Svensson

et al., 2008).

4.1. LOCAL SCALE
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The Eifel Laminated Sediment Archive (ELSA) dust stack covers the last
glacial/interglacial period (the last 133 ka)and confirms the dominant climatic influence of
the abrupt climatic events in the North Atlantic region.Additionally, the ELSA record
provides important environmental evidence that during the last glacial period the
atmosphere over Western and Central Europe was permanently dusty (Sirocko et al., 2005,
2013; Seelos et al., 2009). The ELSA record indicates that the coldest twe periods of the last
glacial period, MIS 4 and MIS 2, characterised by relatively stable climate conditions
associated with accumulation of homogenous dust sediments. Conditions during MIS 3 were
generally dusty,including several phases of reduced dust deposition over this interval. Even
during the MIS 5 high frequencies of dust storm events during the cold events C24 and C23

(McManus et al., 1994) after the last interglacial (MIS 5e) period have been detected

(Sirocko et al., 2013, 2016; Seelos et al., 2009).

The high level of correspondence between the dust records from the Greenland ice-
cores and the Eifel maar lakes may indicate a substantial opportunity for direct linkage
between marine, ice-core and terrestrial records (Sirocko et al., 2016). However, for
Western and Central Euroepan loess-paleosol sequences correlations with Greenland ice,
stratigraphy are accurate just for some relatively short and discontinuous deposition
intervals, The Schwalbenberg loess-palaeosol-sequence in the Middle Rhine valley of
Germany is one of the most important sections for understanding terrestrial system
responses to North Atlantic Climate Oscillations within the western part of Central Europe,
especially for MIS 3 and partly for MIS 4 (Schirmer, 2012; Schirmer et al., 2012; Klasen et al.,

2015).
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Contrary to the Schwalbenberg site, another Middle Rhineland loess section,
Nussloch, preserved high resolution recordspanningthe interval between approximately 30
to 20 ky (Antoine et al., 2001, 2013). Rousseau et al. (2002) have also been directly
correlatedthe Nussloch loess record with Greenland stadial-interstadial cycles (Figure 8).
The 14C and luminescence chronologies indicate that the upper part of the Nussloch loess
site corresponds to the interval starting with Gl 8 (correlated with the Lohner Boden by
Zoller and Semmel, 2001) while the top loess unit is correlated with the deposition younger
than the GI2 in Greenland. The tundra gleys exposed at the site, G1a, G1b, G2a, G2b, G3, G4
and G7,were correlated to GI7 to 2 in the Greenland ice (Rousseau et al., 2002, 2007;

Antoine et al., 2009). Similarly, the late last glacial grain-size record, at the Czechian Dolni it is not clear if Dolni and
Katymar are in contrast with
each other (the basis of my

with numerous abrupt coarse-grained events in the upper part of their profiles during same corrections) or if they contrast

Véstonice and Hungarian Katymar sections shows strongly contrasting grain size variations_

with Nussloch or if contrast is

time frame like as in Nussloch (Antoine et al., 2013; Bokhorst et al., 2011). the wrong word and you really

mean 'variable'.
The Dolni Véstonice site has long been believed to record the terrestrial equivalent
of climatic oscillations known from marine records (Demek and Kukla, 1969; Kukla and Cilek,
1996). The lower and exceptionally well-preserved pedocomplex (PKIl and PKIII) is the most
complete record of dust response to environmental dynamics in the European loess belt for
the period 110-70 ky. This pedocomplex is composed of three fossil chernozems
intercalated with five aeolian silt layers. Kukla (1975) has definedthese silty layers as loess
markers.It has been proposed, based on luminescence ages combined with
sedimentological and palaeopedological analysis, that this soil complex recorded all the

main climatic events expressed in the North GRIP record from GIS 25 to 19 (Antoine et al.,

2013; Rousseau et al., 2013) (Figure 15). However, a great deal of questions still remain, not

least whether the lowermost Bt horizon represents intensive wasaffected-by post-
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depositional processes, and critically whether the luminescence chronologies are sufficiently
precise to make the proposed temporal correlations with higher-resolution Greenland ice-
core records; moreover, that time interval in the Greenland ice core chronology is also
characterized by significant chronological uncertainties (See Veres et al., 2013). Given 4,
standard deviation uncertainties on a luminescence age are at best 5%, this equates to +3.5-
5.5 ky uncertainty, far too large to allow such fine correlations over this time interval.
However, the argument lies over whether the sedimentological and palaeopedological
evidence can be used to tune these age estimates sufficiently to allow correlation. These
sudden environmental shifts represented by the appearance of the dust markers have great

stratigraphic significance (Markovi¢ et al., 2015).

Bokhorst and Vandenberghe (2009) have extensively discussed the limitations of

correlating short climatic oscillations recorded in the Greenland ice cores with loess records.

Theyfoundthat the reliability of tuning on-the basisof They found that the reliability of

tuning on the basis of the climatic proxy signal between two nearby loess sections should be

considered carefully.

separate-locatfromregional-erglobalsignals—However the issue of the precision of tuned

age models is still critical here as the oscillation wave-length of a particular set of climatic
shifts is often shorter than the errors on the age model, meaning that miscorrelations are
statistically very likely and at the very least leads and lags are entirely lost (Markovi¢ et al.,

2015).
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From all these data it may be concluded that many loess records from China to

Europe show proxy-signals that reflect short climatic oscillations of the same order as those

in ice-core and marine records; however, time equivalence is not certain at present.

6. POTENTIAL IMPROVEMENTS

6.1. SUB MILLENNIAL SCALE CORRELATIONS

Some loess records indicate ultra high sedimentation rates during long time intervals
(several glacial/interglacial cycles), such as Mangshang section in China (Prins et al., 2009),
or during some short time intervals as in the Peoria Loess in the USA (Roberts et al., 2003;

Mubhs et al., 2013; Pigati et al., 2013) and some European and Asian last glacial loess-

paleosol sequences (Antoine et al., 2001; Fuchs et al, 2008; Ding et al., 1999; Stevens et al.

2

2006).

Zheng et al. (2006) showed that the upper part of the Mangshan loess-paleosol

sequences formed during the last 2 glacial/interglacial cycles {0—97+r} displays extremely
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high sedimentation rates. The average sedimentation rate is approximately 40 cm/ky. The
unique character of the upper Mangshan loess section is clearly represented by comparing
the sedimentation rate estimates for the L1 loess and S1 palaeosol units with sedimentation
rates recorded in a series of loess sections distributed across the Central Chinese Loess
Plateau. On average, the last glacial loess L1 has a 3.1 times higher linear sedimentation rate
at Mangshan than at typical sections at the Central Chinese Loess Plateau. Nevertheless, in
comparison with some analyzed sections at-Central Loess Plateau linear sedimentation rate
for L1 horizon units at Mangshan site can be 8 times higher, The sedimentation rate
observed in paleosol S1 in Mangshan section is 4.6 time_higher than average sedimentation
rate for the same paleosol unit in the Central Chinese Loess Plateau (Figurel0; Prins et al.,
2009). The last glacial/interglacial cycle loess-paleosol sequence in Mangshan has a

resolution of at least several centimeters and even in some parts decameter per century.

In the central Great Plains of North America, very rapid accumulation characterized
some intervals of the last glacial Peoria Loess, based on OSL dating and radiocarbon dating
of gastropod shells. At Peoria Loess sections in Nebraska, sedimentation rates as high as 400
cm/ky can be inferred for some intervals, but discrepancies between OSL and radiocarbon
dating add considerable uncertainty to the interpretation of these sections (Roberts et al.,
2003; Pigati et al., 2013). At Loveland, lowa, OSL and radiocarbon ages are in agreement
and suggest that about 13 m of Peoria Loess was deposited almost instantaneously, at the

resolution of the dating (Muhs et al., 2013; Pigati et al., 2013).

Thus, these ultra high-resolution sections provide a unique opportunity to better

understand centennial climatic and environmental dynamics. However, for sub millennial
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investigations in lower-resolution sections than Mangshan, application of new much more

precise age dating or sampling techniques will be necessary.

6.2. LUMINESCENCE DATING OF MIDDLE PLEISTOCENE LOESS

Luminescence methods (TL-thermoluminescence; IRSL-infrared stimulated luminescence;

OSL-optically stimulated luminescence by blue light or violet light (VSL)) are currently the

only generally accepted methods for obtaining absolute chronologies for loess deposits

through the direct dating of clastic particles. Absolute dating of loess in Europe was

pioneered by the applications of thermoluminescence dating performed by Wintle (1981)

and luminescence dating has arguably now become the de facto independent dating tool for

many loess deposits globally. Roberts (2008) thoroughly reviewed the development and

application of luminescence dating methods but recently further significant advances have

been made, not least with age determination of loess deposits older than standard quartz

OSL and **C age limits. The outcome of these studies holds great potential for future

breakthroughs in stratigraphic correlation over local and continental scale over the middle

Quaternary, a period of time where current correlations are rather uncertain.

Standard guartz SAR OSL dating techniques generally have an upper limit of c. 50-30

ka. Buylaert et al. (2008) used Chinese loess samples to demonstrate caution should be used

in interpretation of ages where equivalent dose values exceeded 120 Gy (~40 ka), while Lai

(2010) reported underestimation for Luochuan loess in China for ages higher than about 70

ka. For loess in Crvenka in Serbia, OSL ages appear accurate to about 60-50 ka

(corresponding equivalent dose of ~180 Gy) while for sediments older than this, the

technigue (SAR protocol) shows clear age underestimation (Stevens et al., 2011). Moreover,

a series of investigations on Romanian (Timar-Gabor et al., 2011; Constantin et al., 2014),
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Serbian (Timar-Gabor et al., 2015) and Chinese loess (Timar-Gabor et al., 2016) vielded ages

obtained on coarse quartz (63-90 um) that were systematically higher than those on fine

quartz (4-11 um) for ages >~40ka. This limits the application of luminescence dating to loess

and has driven the development of a suite of new technigues that show great promise in

extending the age range of luminescence methods.

One of the earlier attempts was through use of the thermally transferred optically

stimulated luminescence (TT-OSL) signal, first introduced by Wang (2006) at the Luochuan

section in China. While this initially showed great promise, and TT-OSL signals have been

reported to grow up to doses higher than 2000 Gy, few ages above 400 ka have been

obtained, and dealing with the effect of charge carry over in SAR sequences has limited the

approach (Stevens et al., 2009). Furthermore, investigations into the thermal stability of the

signal has yielded mixed and potentially sample specific results (Adamiec 2010; Li and Li,

2006; Brown and Forman, 2012; Chapot et al., 2016). However, Chapot et al. (2016) suggest

that by applying corrections for thermal loss, meaningful chronologies can be obtained on

loess up to 500 ka.

Ideally theugh a widely applicable method would not require such corrections. An

alternative method using quartz is VSL (Jain, 2009). This method was again tested on

Luochuan loess in China by Ankjaergaard et al. (2016) and, by applying a multiple aliquot

additive dose protocol VSL ages in agreement with the CHILOPARTS chronology up until 600

ka (MIS 15) have been obtained. However, while showing great promise for improving

middle Pleistocene chronologies the VSL approach is still in its development stage and

requires further testing in multiple loess regions.
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The predominant use of quartz was mainly related to the anomalous fading

(athermal loss of signal due to guantum mechanical tunneling) observed to affect

luminescence signals from feldspars (Wintle, 1973). Conventionally, feldspars IRSL is

measured at 50 °C and the effect of increasing the stimulation temperature on the fading

was only recently studied (Thomsen et al., 2008). This lead to a double IR stimulation

protocol, performing a first IR stimulation at 50 °C followed by a second one (post-IR IRSL-

pIRIR) at 225 °C. The first stimulation aimed to remove the unstable signal while the second

stimulation targeted a more stable trap. Thiel et al. (2011) extended the protocol by

changing the preheat and increasing the stimulation temperature to 290 °C. Using Austrian

loess samples from below the Matuyama-Brunhes boundary in saturation on a laboratory

dose response curve they concluded that fading is not significant. The same observation was

made by Murray et al. (2014) for Serbian loess and was further confirmed for loess in the

Rhine area by Schmidt et al. (2014), where an upper limit of 300 ka (MIS 8) was proposed.

1N this acronym
pIRIR protocols have also been tested on Alaskan loess (Roberts et al., 2012). The same 300

ka barrier seems also to apply when dating Chinese loess by pIRIR (Buylaert et al., 2013) and

a slightly modified protocol (multi-elevated-temperature post IR-IRSL MET-pIRIR) was tested

on Chinese loess by Li and Li (2012), reaching the same conclusions on maximum age. While

showing great promise, the TT-OSL and pIRIR signals are harder to bleach than the standard

OSL signals, with residual doses that seem to be sample specific and can amount to a few

10s of Gy. This means that these technigues may not be suitable for younger loess deposits.

Despite this and the relatively early stage of these protocols, the application of these new

technigues has already enhanced middle Pleistocene chronostratigraphies for loess deposits

and the stage is set for using these techniques for much wider scale loess stratigraphic

correlations, both within and across loess regions.
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6.3. ADVANCES IN LOESS CHRONOLOGIES BASED ON "C-DATING

In the context of 14C-dating major datable phases in loess sediments are charcoals, organic

matter, humic substances (humic acids), rhizoliths and mollusc shells (Hatté et al., 2001;

McGeehin et al., 2001; Pigati et al., 2013; Gocke et al., 2014; Ujvari et al., 2014, 2016b).

Charcoal is commonly regarded as the best target material for **C-dating (Trumbore, 2000).

Although charcoals are thought to be relatively resistant to post-depositional alteration,

there is a growing body of evidence of charcoal degradation and loss by chemical oxidation

(Cohen-Ofri et al., 2006; Ascough et al., 2011a,b), physical fragmentation (Gavin, 2003), or

fungal degradation (Ascough et al., 2010). Also, charcoal can readily adsorb a range of

soluble chemical contaminants migrating in the sediment column like humic substances,

which can have a different **C age than the charcoal (Alon et al., 2002; Rebollo et al., 2008;

Wild et al., 2013). This exogenous carbon is removed prior to radiocarbon dating by treating

the samples with a series of weak acid and base washes (acid-base-acid=ABA treatment; de

Vries and Barendsen, 1954; Olson and Broecker, 1958). While the ABA-technigue appears to

be a robust method for contaminant removal for a number of samples (Rebollo et al., 2011;

Bird and Ascough, 2012), several studies demonstrated that it does not always remove all

contaminant carbon, which becomes critical with increasing sample **C age (Gillespie et

al.,1992; Chappell et al., 1996; Wood et al., 2012). An alternative pre-treatment technique,

called the ABOX-SC method, involves an oxidation step after the acid-base steps, which is

followed by stepped combustions at 330, 630 and 850 2C to remove any final traces of labile

carbon (Bird et al., 1999). Although this technique proved to be very effective in removing

contamination from old samples (Wood et al., 2012; Bird et al., 2014), it often leads to large
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losses in sample material (Bird and Ascough, 2012). In such cases charcoals can be subjected

to stepped combustion in pure O, gas atmosphere, first at 400 2C, and then at 800 °C to get

reliable *C ages (Ujvéri et al., 2016a).

Radiocarbon dating of organic matter may often be problematic because of the

rejuvenation of organic matter in loess, which renders 14C0rg ages unreliable (Gocke et al.,

2010, 2011). Others, however, found little or no evidence for n-alkanes in loess-paleosol

sequences being significantly “contaminated” by deep subsoil rooting or microbial processes

(Haggi et al., 2013; Haas et al., 2017; Zech et al., 2017). This debate is still ongoing and needs

further resolution.

As for humic acids, they often originate from younger vegetation and not from in situ

plant decay in the sediment to be dated (Ascough et al., 2011; Wild et al., 2013). Previous

work on rhizoliths (hypocoatings), that were formed by coating of plant roots by secondary

carbonate (Becze-Dedk et al., 1997; Barta, 2011), demonstrated that these phases are not

synsedimentary (Pustovoytov and Terhorst, 2004; Gocke et al., 2011; Ujvéri et al., 2014),

thus cannot be used for establishing reliable loess chronologies.

Although mollusc shells are often found in loess sediments (Sumegi and Krolopp,

2002; Moine et al., 2008), they have often been considered phases yielding unreliable ages.

Early studies documented that land snail shells yield radiocarbon ages that are anomalously

old by up to 3000 yr, due to incorporation of old, 14C-free carbonate from the local substrate

into shell carbonate. This phenomenon is often quoted as the ‘limestone problem’ (Rubin et

al., 1963; Tamers, 1970; Evin et al., 1980; Goodfriend and Hood, 1983; Goodfriend and

Stipp, 1983; Yates, 1986; Goodfriend, 1987). However, most of these works were biased

towards gastropods having relatively large shells (>20 mm) and recent studies by Brennan
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and Quade (1997) and Pigati et al. (2004, 2010, 2013) demonstrated that reliable *C ages

can be obtained from smaller gastropods (shells <10 mm) that have largely been ignored in

previous "*C-dating studies. Beyond the limestone problem’ another ong is to assess

whether the shells behaved as close systems with respect to carbon during burial. Open-

system behavior is a serious concern in older samples (60-25 ka) where small amounts of

contamination cause large bias/errors in 4c ages. Rech et al. (2011) and Pigati et al. (2010,

2013) revealed, by measuring the 8¢ activities of very old mollusc shells (800-130 ka) and

testing land snail shell ages against plant macrofossil **C ages, that many fossil gastropod

shells do not suffer from major (> 1%) open-system problems. As demonstrated in

independent studies of Pigati et al. (2013) and Ujvéri et al. (2014, 2016b), shells of some

mollusc species (e.g. Succinella oblonga, Clausiliidae sp., etc.) provide reliable ages that can

form the basis of robust loess chronologies, which can be highly precise on millennial and

even sub-millennial timescales.
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64.34. APPLICATION OF TEPHROCHRONOLOGY

As already discussed, in recent years, apparent limitations in the dating of loess deposits and
in isolating millennial-scale climate variability, has led to a new impetus in-previding secure
isochronous age markers for loess records (Markovi¢ et al., 2015). Volcanic ash beds, and
particularly these dispersed over wide geographic areas played a crucial role in building
chronological frameworks for paleoclimate records (Storey et al., 2012). Tephra layers have
also proven their value in assessing phase relationships of climatic events, a crucial
requirement for understanding the value of individual proxy-data (including these for loess)
in the comparison of various palaeoclimatic archives (Abbott and Davies, 2012; Lowe et al.,

2015).

The South Eastern European loess belt is located nearby volcanic centers that have
been significantly productive throughout the Quaternary (see review in Tomlinson et al.,
2015). The central-eastern Mediterranean marine tephrostratigraphic record, augmented by
recent findings from long lacustrine records within the Balkans (Leichner et al., 2016)
indicate that several well-dated volcanic eruptions provided tephra layers that could serve

as excellent isochrones also for loess records.

For example, the widespread Bag tephra identified in multiple loess sites across the
Carpathian Basin (Pouclet et al., 1999; Horvath 2001), albeit lacking secure chemical and
chronological data, it nonetheless provides an undisputed stratigraphic marker horizon for
Middle Danube loess (Fig. 5-6). Interestingly, the identification of a MIS 46-12 tephra bed
within Pianico Basin in northern Italy (Brauer et al., 2007), led the authors conclude that the
calc-alkaline tephra bed originating from the Campanian volcanic complex of Roccamonfina

and dated to around 400 ky might be a counterpart of the widespread Bag tephra. Whilst
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the proposed link between the Bag tephra and the ash bed in the Southern Alps is tentative,
it nonetheless provides a working scenario; the available chemical and mineralogical data on
the Bag tephra also points to an origin in the Italian volcanic field (Pouclet et al., 1999;

Horvath 2001).

Interestingly, two other laterally continuous tephra beds have been identified in the
last glacial loess (Horvath 2001; Wacha, Frechen, 2011) from the Middle Danube and the
Adriatic coast, and dated to around 30 ky and respectively 34 ky in age. As two important
tephra layers have been reported in marine and terrestrial sites over that time interval,
namely the Y-3 and the Coddola ashes, it is tempting to propose direct linking of records.
Whether these tephra beds should be correlated in the absence of reliable chemical data for
the terrestrial occurrences is risky, but such assumptions that raise the possibility that the
regional loess tephrostratigraphy could be augmented and eventually integrated within a
regionally representative frame must be verified through further work. In this respect,
perhaps the most compelling example is provided by the Campanian Ignimbrite/Y-5
eruption, that, due to the large volume of volcanic ejecta, excellent preservation of glass
shards and a north-easterly spread of the ash plume, forms the most important visible
marker horizon with independent absolute age control (de Vivo et al., 2001) for Eastern
European loess. It has been identified widely in southeastern European loess (Veres et al.,
2013; Fitzsimmons et al., 2013; Markovic et al., 2015; Obreht et al., 2016), raising the
possibility for a direct comparison of different loess profiles (Markovié¢ et al., 2015;) and also
of loess with various paleoclimate records from the Balkans and beyond (Zeeden et al.,
2016). Moreover, the Campanian Ignimbrite/Y-5 ash layer has been employed successfully
in testing the accuracy of various multi-method luminescence-dating approaches applied to

loess (Constantin et al., 2012; Veres et al., 2013; Fitzsimmons et al., 2013; Anechitei-Deacu
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et al,, 2014; Zeeden et al., 2016). It is known that recent research has documented
significant age discrepancies between different quartz-grain sizes of the same sample, a
limitation in luminescence dating of loess not yet fully overcome (Timar and Wintle, 2013).
In this respect, the Campanian Ignimbrite/Y-5 ash layer provided a chronological base line
against which different luminescence dating approaches have been tested (Constantin et al.,
2012; Anechitei-Deacu et al., 2014), with encouraging results. A similar approach was
followed in Fattahi and Stockes (2003) and Auclair et al. (2007) through the direct
luminescence dating of a tephra horizon and the embedding loess deposits at sites

throughout North America.

Other notable examples of the application of tephrochronology involving loess
deposits include the recent identification of Carpathian ash beds in proximal loess-derived
deposits within Transylvania (Karatson et al., 2016) linked to distal areas, north of Black Sea
(Wulf et al., 2016), as well as in loess profiles from Japan (Matsura et al., 2012), New
Zealand (Lowe, 2011), Alaska (Preece et al., 2011; Davies et al., 2016), central-western

Europe (Sirocko et al., 2013; Jens et al., 2017) or South American loess (Toms et al., 2004).

4.3. TOWARDS IMPROVED MAGNETOSTRATIGRAPHY

Magnetic stratigraphy represents a powerful and widely used relative dating tool. Beside
environmental magnetic proxies related to environmental changes (e.g. magnetic
susceptibility stratigraphy), properties of the Earth’s magnetic field are investigated and

correlated to reference sections and/or datasets as-usually the Geomagnetic Polarity Time
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Scale (GPTS), part of the Geological Time scale (Gradstein et al., 2012; Ogg, 2012). When
sedimentation rates are not dramatically changing and the polarities of Earth’s magnetic
field are recorded, correlation allows for establishment of a time scale on the scale of
magnetic features. Polarity time scales therefore commonly have a rather low resolution
due to the limited number of reversals over the Neogene and Quaternary (1/10*10° yrs).
Both the polarity and intensity variations can be used for time scale establishment.
Especially within the recent magnetic polarity zone, the intensity of Earth’s magnetic field
can be valuable for dating, and reference datasets were established (e.g. Channell et al.,

2009; Kissel et al., 2000; Laj et al., 2004; Valet et al., 2005; Yamamoto et al., 2007).

Earliest time scales for loess have been established by magnetic polarity stratigraphy
(Fink and Kukla, 1977; Heller and Liu, 1982, 1984; Kukla et al., 1988; Kukla, 1975). In their
seminal papers Heller and Liu (1982, 1984) assigned firstly the Chinese loess record to the
GPTS and demonstrated secondly via magnetic susceptibility stratigraphy the unique match
between the marine isotopic record the alternation of loess and paleosoils. Ever since,
correlative loess stratigraphy benefited from magnetostratigrapic age constraints, which
were later on refined (e.g. Maher, 2016), when also rather short term geomagnetic
excursions (e.g. Reinders and Hambach, 1995; Sun et al., 2013; Zhu et al., 1999, 2006) and
paleointensity records (Hambach et al., 2008; Liu et al., 2005; Rolf et al., 2014; Zeeden et al.,

2009) were used.

A comparison of paleointensity records from Europe (Figure 10) to the North Atlantic
Paleointensity Stack GLOPIS (Laj et al., 2004) shows some common features , here indicated
by colored circles, which were used in constraining age models for European loess sites

(Hambach et al., 2008; Rolf et al., 2014; Wacha et al., in review; Zeeden et al., 2009). Also
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clear are some discrepancies, especially when comparing the longer term patterns and the
amplitude of minima and maxima in paleointensity. Though relative minima and maxima
can be observed and correlated, their amplitude in loess seems less homogeneous than in
other archives (Roberts et al., 2013; Fig. 10). This may be caused mainly by sedimentological
and magnetic grain size variations and early diagenetic effects, which in turn dependent on

climatically controlled wind strength and post-depositional pedogenic processes.

5. CONCLUSIONS

Contrary to the ice records, deep-sea or lacustrine sediments characterized by more or less
continuous sedimentation, loess-palaeosol sequences are more complex depositional
systems with significantly different accumulation rates, more dynamic environmental
thresholds and higher sensitivity to erosion. Thus, valid correlations on regional or even
continental scale are only possible at the level of first order units (i.e. MIS or glacial loess
and interglacial pedocomplex units), although current research has provided significant
progress for inter-profile correlations and direct comparison of different palaeoclimatic
records . However, rapid current improvements in radiometric dating techniques, associated
with tephrochronological approaches, could result in much better understanding of the
chronostratigraphic mosaic in forthcoming years. Due to widespread distribution across
Northern Hemisphere continents, loess records with accurate age control can be regarded

as a missing link for better understanding inter-hemisphericclimate-interactions:

paleoclimatic variation and linkages across the Northern Hemisphere and globally, and

between continents and oceans.
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Additionally, improvements in loess correlations and age dating summarized in this
study, should open possibilities for better, more detailed temporal and spatial
environmental reconstructions spanning at least the Holocene, last deglaciation and last

glacial period.
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FIGURE CAPTIONS

Figure 1 Loess and loess-like sediments distribution (Pécsi, 1990).

a. Loess sediments; b. Loess-ike sediments.

Figure 2 Loess deposition types.

Figure 3 Time series of last-glacial loess mass accumulation rate (expressed on a logarithmic
scale, in g/cm2/ky) for the Tuxiangdao (Xining) and Huanxian (Loess Plateau) sections (from
Vriend et al., 2011).Figure 4 Generalized comparison between loess-paleosol chrono-
stratigraphy at three typical loess regions of the Northern hemisphere: Central Great Plain
(Mason et al., 2003, 2008), the Middle Danube Basin (Stevens et al., 2008; Markovi¢ et al.,
2014) and Central Chinese Loess Plateau (Dong et al., 2015) during the last 16 ky.

Figure 4 Generalized comparison between loess-paleosol chrono-stratigraphy at three
typical loess regions of the Northern hemisphere: Central Great Plain (Mason et al., 2003,
2008), the Middle Danube Basin (Stevens et al., 2008; Markovi¢ et al., 2014) and Central
Chinese Loess Plateau (Dong et al., 2015) during the last 16 ky.

Figure 5. Direct correlations between the Mo3orin and Stari Slankamen synthetic (MSS)
loess-palaeosol sequence and the Louchuan loess type section on the Central Chinese Loess
Plateau (Hao et al., 2012). The uncertain stratigraphic interval in the transition between L2
and S2 units is indicated with “?” (Markovi¢ et al., 2015).

Figure 6 A) Map showing the distribution of loess deposits and locations of the main loess
sections on Central Chinese Loess Plateau. LT, Lingtai; ZJC, Zhaojiachuan; PL, Pingliang; BJ,
Baoji, LC, Luochuan, PX, Puxian; JB, Jingbian; JX, Jiaxian. Arrows connect the position of the
sites with their records. B) Comparison of four astronomical timescales for the loess—
paleosol sequences with the benthic 620 records from ODP sites 677/846 (Shackleton et al.,
1990 and Shackleton et al., 1995). From top to bottom: A, LC MS record on the H2000 age
model; B, LT MS record on the D2002 age model; C, LT MS record on the S2005 age model;
D, ZJC MS record on the S2005 age model. Discrepancies among these age models are
denoted as shaded bars (e.g., Ss, Ss-1, Lg, S35, etc). Dashed lines indicated the positions of
magnetic reversal boundaries recorded in Chinese loess and marine records (Sun et al.,
2006, modified).

Figure 7 Comparison between MS records of the Batajnica and Mosorin sections in Serbia
with map showing distance between these sections (Markovi¢ et al., 2015).

Figure 8 Millennial-scale events documented in the stacked grain size record of Chinese loess
(CHILOMOS) for the last 249 kyr, and correlation with the stalagmite 6180 record (Wang et al., 2008;
Cheng et al., 2012), the LR04 benthic 6180 stack (Lisiecki and Raymo, 2005), the EPICA Dome C
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temperature anomaly in Antarctica (Jouzel et al., 2007), and the combined NGRIP 6180 record from
Greenland (5-point smoothed) (North Greenland Ice Core Project members, 2004; Svensson et al.,
2008). The Chinese Loess Interstadial (CLIS) events A1-A25 and B1-B24 are identified in the loess
grain size records for the last and penultimate glacial-interglacial cycles, respectively. The shaded
arrows indicate the long-term trend of the CHILOMOS and benthic 6180 records in each glacial-
interglacial cycle.

Figure 9 Comparison between the grain-size variation in Nussloch and the atmospheric dust content
over Greenland (Dansgaard et al., 1993; De Angelis et al., 1997; Fuhrer and Legrand, 1997;
Steffensen, 1997) for the 31-19 kyr interval. The Nussloch time scale was calculated using the
Analyseries software (Paillard et al., 1996). G1, G2, G3... - tundra gley horizons (according to
Rousseau et al., 2022).

Figure 10 Linear sedimentation rate estimates for loess unit L1 and palaeosol unit S1 as recorded in
the Mangshan section and a series of seven loess sections distributed across the Central Chinese
Loess Plateau. Data of the LP sections are taken from Prins and Vriend (2007) and references cited
therein (Prins et al. 2009).

Figure 11 Comparison of normalized relative paleointensity (RPI) data from the European loess sites
Krems (Hambach et al., 2008), Siitt6 (Rolf et al., 2014), Susak (Wacha et al., submitted) and Poiana
Ciresului (Zeeden et al., 2009) compared to the GLOPIS stack (Laj et al., 2004). In addition, the grey
line represents the rough position of the Mono Lake geomagnetic excursion in these records. All
records support the RPI dating independently.
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Abstract

Loess correlations are one of the most common research topics in global loess research. In
spite of significant progress in the development from speculative to quantitative research
methods, even in some recent investigations application of loess correlations is still in many
aspects too speculative. The aim of this overview is to provide an adequate frame for
evaluation of accuracy of the loess correlations applied on different temporal and spatial
scales. This opens up possibilities for detailed temporal and spatial environmental
reconstructions across the huge loess provinces of the Eurasia and Northern America. In this
study, we additionally evaluated the potential development of appropriate sub-millennial
scale loess correlations, as well as essentially important chronological approaches for
establishing valid correlations of different loess records, such as current improvements in

tephrochronology, **C and luminescence dating techniques.

Key words: correlations, loess-paleosol sequences, Northern Hemisphere, Pleistocene
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1. INTRODUCTION

Loess-palaeosol sequences are widespread and detailed paleoclimatic archives, especially
common in the mid-latitudes of the Northern Hemisphere (e.g. Pécsi, 1990; Smalley et al.,
2011, Figure 1). In most cases, these terrestrial sequences display common stratigraphic
features useful in intersite correlations across wide regions, allowing past environmental
reconstruction at a continental scale (e.g. Markovi¢ et al., 2012a, 2015). However, contrary
to the ice cores, deep-sea or lacustrine sediments that are characterized by more or less
continuous sedimentation, loess-palaeosol sequences are more complex depositional
systems with significantly different accumulation rates, more dynamic environmental
thresholds and higher sensitivity to erosion (e.g. Stevens et al., 2006, 2008, 2011). In
addition to recording global/hemispheric/regional climatic signals, loess-palaeosol
sequences can also be influenced by local conditions (e.g. Vandenberghe, 2012, 2014),
particularly because most of them are near major river systems. Understanding
relationships between the widespread loess-palaeosol sequences in particular regions may
provide insights into both local influences at particular locations and general regional
climatic trends. Although ongoing research is yielding significant progress for loess profile
correlation, and direct comparison of different palaeoclimatic records can sometimes be
achieved, valid correlations on regional or even continental scales are still only possible on
the first order level (i.e. at the level of Marine Isotope Stages (MIS), or glacial loess and
interglacial pedocomplex units whose formation was driven by orbitally paced changes in
hydroclimate). However, rapid improvements in dating techniques will result in a much
better understanding of chronostratigraphic variations in loess sequences in forthcoming
years (e.g. Thiel et al., 2011; Murray et al., 2014). Refinement (following a well-established

community-wide protocol) in the existing stratigraphic models applied to loess-palaeosol
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sequences in Eurasia and more generally, the whole Northern Hemisphere,should open
possibilities for more detailed temporal and spatial environmental reconstructions,
particularly given the fact that loess is one of the most widespread terrestrial paleoclimate
archives. The establishment of such stratigraphic models is crucial for a better
understanding of glacial-interglacial climatic and environmental evolution at the
continental/hemispherical scale by constraining the specific local influences at particular
sites and also by integrating the loess-palaeosol records with the larger grid of paleoclimate
archives, as already achieved for lacustrine, speleothem and ice core records (Bazin et al.,
2013; Veres et al., 2013). This review primarily has a Eurasian emphasis because the longest,
mostly climatically controlled loess records are generally know from loess plateaus of

Europe and Asia.

2. BRIEF HISTORICAL OVERVIEW OF LOESS CORRELATIONS

Correlations between different loess profiles or between loess stratigraphy and
paleoclimatic models were attempted very early in the history of loess research (e.g. Penck
and Briickner, 1909; Shimek, 1902, 1909; Laskarev et al., 1926; Baczak, 1942; Soergel et al.,
1926; Gotzinger, 1936; Zeuner, 1938, 1956; Thorp and Smith, 1952; Simonson and Hutton,
1954; Ruhe 1956, 1969). In this initial stage, loess correlations were highly speculative (e.g.
Markovic¢ et al., 2016). The Sub-Commission of European Loess Stratigraphy of the
International Union for Quaternary Research (INQUA) was created in 1961, at the 6™ INQUA
Congress in Warsaw, Poland, and is still active as the Loess Focus Group of INQUA. This
international research initiative succeeded, despite the strong political competition and

isolation between western capitalist and eastern communist states at the time (Smalley et



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

al., 2010). With the purpose of creating a common European loess stratigraphy, the sub-
commision promoted pedostratigraphic criteria as a working model for inter-profile
correlations (Fink, 1962). Simultaneously, during the 6™ INQUA Congress Liu presented a
long and uniform loess stratigraphic record of the Chinese Central Loess Plateau. These
stratigraphical observations were published a year later in a significant publication by Liu

and Chang (1962), and then loess research in China experienced a scientific hiatus.

The pedostratigraphic concept culminated in the studies of Bronger and co-workers
(Bronger, 1976, 2003; Bronger and Heinkele 1989; Bronger et al., 1998). They presented the
first attempt at a Eurasian continental loess correlation. The main limitation of this
correlation is an idealised concept of uniform response by such diverse terrestrial

environments to global climate change.

Investigation of loess exposures at Red Hill (Cerveny Kopec, Czech Republic) and
Krems-SchieBstattech (Austria), provided the background for correlation of terrestrial loess
deposits with the oscillations recorded in deep-sea sediments, both reflecting global
paleoclimatic oscillations (Kukla, 1970, 1975, 1977; Fink and Kukla, 1977). In spite of the
relatively speculative background of the glacial cycle concept that Kukla applied to loess-

paleosol sequences, these chronostratigraphic interpretations are still valid.

The development of magnetostratigraphic techniques opened the loess community
in China to collaboration with international scholars and completely shifted global
scientific interest towards the multiple loess-paleosol couplets of the Chinese Loess
Plateau (Heller and Liu, 1982, 1984). Kukla (1987) and Kukla and An (1989) created a
new Chinese loess chronostratigraphic model. This new stratigraphic approach, based on

paleomagnetic polarity zonation and direct correlation between profiles using loess-
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paleosol magnetic susceptibility (MS) variations, significantly improved previous
stratigraphic subdivision of the Malan, Upper and Lower Lishi and Wucheng formations
based on litho- and pedo-stratigraphic criteria (e.g. Liu, 1985). Observed enhancement
of the magnetic signal as a consequence of pedogenic processes appears to be valid for
a huge Eurasian semi-arid loess belt (e.g. Maher, 2016). Measurement of loess MS is
therefore a rapid and consistent tool for inter-profile correlations, even over very long
distances across Eurasia (Markovi¢ et al., 2012b, 2015). In Siberian and Alaskan LPS, the
opposite pattern is observed, higher MS in unaltered loess and lower in paleosols (e.g.
Beget, 1990; Chlachula et al. 1998). However, this contrasting patter is beyond the
scope of this study, since the use of MS for inter-profile correlation of Siberian and
Alaskan loess-paleosol sequences has been limited, while correlations based on the
model of magnetic enhancement via pedogenesis have been widely applied in the

temperate Eurasian loess belt.

Finally, recent improvements in numerical direct dating techniques, such as
radiocarbon and luminescence dating provide new possibilities for validating inter-
profile correlations especially of younger loess-paleosol sequences (e.g. Stevens et al.,
2008; Pigati et al., 2013). Since the early 1980s when luminescence methods were first
applied to loess dating, this approach has been critical in development of loess
chronologies and, in turn, the development and testing of luminescence dating protocols
themselves. Limitations in terms of precision and treatment of older ages do exist
however, but it is envisaged that efforts to surmount these will also lead to significant

progress in the dating of loess through various new protocols.
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3. SEDIMENTOLOGICAL CHARACTERISTICS OF DIFFERENT TYPES OF LOESS RECORDS

AS A BACKGROUND FOR APPROPRIATE INTER-PROFILE CORRELATIONS

Loess and loess-like deposits cover approximately 10% of the continental land surface (e.g.
Pye, 1987; Pecsi, 1990). Thus, these sediments are associated with many different
landforms, as well as climate and vegetation zones (Figure 1 and 2). Under these different
environmental conditions, we can identify a diversity of depositional modes related to
equivalent types of loess and loess-like primary and secondary deposits. It has been
suggested that for secure (and paleoclimatically meaningful) inter-profile correlations of
loess the best approach is to focus on sections formed through dust deposition and
subsequent pedogenesis on stable plateau-like landforms (sensu Pécsi, 1990; Sprafke and
Obreht, 2016), as such loess-paleosol deposits are predominantly controlled by climatic
variations (Figure 2). Long-term erosional processes on loess plateaus should be largely
confined to relatively small and short-lived gullies close to the steep tableland margins
(Markovic et al., 2012a). However, even for conditions of deposition on plateau summits
some erosional events can be expected (e.g. Markovi¢ et al., 2011), and therefore the
completeness of loess-paleosol sequences must be verified through multi-proxy analyses
and high-resolution dating. For example, remobilization of loess by the wind may occur even
on relatively flat tablelands (Sweeney and Mason, 2013), especially under dry environmental
conditions with sparse or diminishing vegetation cover. All types of loess deposition on
slopes are associated with processes such as erosion, reworking, and re-deposition,
representing a more dynamic sedimentological environment that usually is not adequate for
the formation and preservation of typical loess. Typical loess is aeolian dust accumulated in

situ and transformed by loessification processes, but mostly preserved without significant
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impacts of other post-depositional processes (Sprafke and Obreht, 2016). Under specific
conditions, typical loess can even be preserved as a high-resolution, though not long-term,

record in sedimentary traps such as paleodepressions.

Lithostratigraphic correlations of loess records seem to be a favorite topic in
international loess research today (Antoine et al., 2016; Haesaerts, 2016; Schirmer, 2012,
2016; Lehmkuhl et al., 2016). They are often based on similar macroscopic properties of
specific loess layers and paleosol horizons, apparent correspondence of ages between
various sites, and links with palaeoclimatic proxies. However, there are numerous potential
pitfalls that may obstruct such correlations (Vandenberghe, 2012). A few examples may

illustrate them.

1. Palaeosols play a crucial role for correlation purposes, especially when alternating
with loess layers in long records in which they express mainly interglacial periods on an
orbital timescale, and/or the imprint of long and warm interstadials. This approach has been
applied frequently in East Asian loess studies since the pioneering work of Liu (1985) (e.g.
Kukla and An, 1989; An et al., 1990; Ding et al., 1990; Porter, 2001; Sun et al., 2006) but also
in other regions (e.g. Antoine et al., 1999; Muhs, 2013) and at a continental scale ( Markovi¢
et al., 2012a). If corresponding pedostratigraphic horizons can be correctly identified within
many different records, such intersite correlations are of great significance in the
comprehension of regional paleoclimatic evolution. Palaeosols have often been identified by
characteristic proxies and sedimentological features such as decalcification, magnetic
susceptibility, and even grain size variations. However, all these proxies are the reflection of
specific pedological and geomorphological processes and environmental conditions that

may have different expressions at different timescales and even at a local spatial scale.
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Sediment provenance and periodic fluctuations in the strength (and thus input) of different
sources of material can also have a crucial influence on loess characteristics. For instance,
local factors of soil formation such as topography and vegetation cover may lead to highly
diversified soil morphology. An illustrative example of such soil variability at a scale of tens
of meters is described at Ruma (Vojvodina, Serbia) by Vandenberghe et al. (2014). In that
case, the same paleosol varies laterally from a black, organic, chernozem-like soil to a brown
colored, inorganic soil as a consequence of local topographic differentiation and its effects
on soil moisture. Another example is the Lohne soil in German loess sections which shows

strong variability as a result of local site differentiation (Sauer et al., 2016).

2. The use of another favorite proxy for correlation, the grain size of loess layers, may
pose similar problems related to valid inter-profile correlations. Grain size profiles can be
applied convincingly in correlating the loess records of the Chinese Loess Plateau (e.g. Liu,
1985; Vandenberghe et al., 1997), and also in other loess regions for correlating
lithostratigraphic units in cold-warm successions (e.g. Meszner et al., 2014). In contrast to
the Chinese Loess Plateau, however, it appears that the last glacial period, encompassing
MIS4-3-2, is very difficult to subdivide by grain size variation in records of the adjacent NE
Tibetan Plateau and nearby regions in central Asia (Figure 3, Vandenberghe et al., 2006).
Similarly in the aforementioned case of the Vojvodina loess at Ruma only a slight grain-size
difference, slightly exceeding internal variability, could be observed between glacial and
interglacial loess layers, in contrast to the Central Chinese Loess Plateau (Vandenberghe et
al., 2014). In the Great Plains, USA, the interglacial Bignell Loess can be as coarse as

underlying full- to late glacial Peoria Loess (Miao et al., 2007).
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3. Lithostratigraphy based loess-palaeosol correlations often assume continuous loess
deposition, although in the central USA and in Western Europe, highly discontinuous
deposition has been the general interpretation (e.g. Antoine et al., 2001, 2013; Bettis et al.,
2003). However, it has been shown that important sedimentary hiatuses often occur in loess
records previously thought to be continuous (Lu et al., 2006; Stevens et al., 2007). An
illustrative example is the section Tuxiangdao at Xining where a considerable hiatus was
discovered in the upper part of the last-glacial loess, through detailed OSL-dating (Buylaert
et al., 2008; Vriend et al., 2011). Grain size analysis of the loess showed that the loess at that
site is characteristically coarse-grained and was transported from a nearby fluvial terrace
deposit of the Huangshui river during storm events. It will depend on the local conditions
whether sediment is trapped or an interval of non-deposition is created or even older
sediment is deflated by such strong storm winds. Important site conditions may be, for
instance, topography (wind facing vs. wind shadowing) and absence or presence of
vegetation cover to capture and protect deposited loess. Such hiatuses must not be
overlooked in the case of lithostratigraphic correlations. Such a risk may appear, for
instance, from the correlation between the aforementioned section of Tuxiangdao and
neighboring sections on the Chinese Loess Plateau and central Asia (Figure 3; Vandenberghe
et al., 2006; Vriend et al., 2011). Sediment accumulation rates may vary dramatically at sites

too, making correlations uncertain (Kohfeld and Harrison, 2003; Stevens et al., 2008, 2016).

4. Lithostratigraphic correlation is often based on correlation of specific proxy signals
such as grain-size, geochemical and magnetic properties, etc. However, the existence of
thresholds of environmental response cannot be ignored in these correlations. As a result, a
proxy may show a specific relationship with environmental factors under some conditions

while not giving any expression at all in other conditions that are below the response

10
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threshold. Therefore, comparison between proxy record trends is sometimes a successful
approach (Zeeden et al., in press), whereas in other circumstances it is not (Bokhorst and
Vandenberghe, 2009). In addition, some proxies need reaction time: for instance, after
fluvial erosion or deposition, vegetation adaptation in the affected zone will be delayed vis-
a-vis climatic changes (Vandenberghe, 2002). Furthermore, correlation by different proxies
can be even more risky since the driving factors, marginal conditions and threshold values
are not the same for each proxy. Therefore, inter-linking, e.g., grain-size signals, magnetic
susceptibility, isotopic or palynological data from one site to another should be avoided in
the absence of isochronous marker horizons, such as tephra layers, that allow for a better
guantification of proxy data integrity and the potential for paleoclimatic and

paleoenvironmental reconstructions.

5. Further, proxy signals are often assumed to be teleconnected by the intermediary of
climatic conditions that are supposed to be synchronous and act as the driving force for
proxy response. Circular reasoning is an imminent danger when first assuming common
effects of a certain climatic signal teleconnecting different proxies and then subsequently
deriving a specific teleconnection between proxy signals based on the same climatic

conditions. Examples are given, for instance, by Blaauw (2010).

6. The provenance analysis of sources of dust particles that form loess deposits is of
considerable and growing interest (e.g. Sun, 2002; Chen et al., 2007; Aleinikoff et al. 2008;
Muhs et al., 2008; Stevens et al., 2013a). Loess is a near-source archive of dust and has the
capacity to provide valuable information on the activity of dust sources in the past. Given
the complex relationship between atmospheric dust and climate change, knowledge of the

sources of dust provides critical insight into the controls on dust emission and potential
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climate impact. The proper interpretation of many climate proxies from loess records, as
well as valid inter-profile correlations, also rely on detailed knowledge of dust sources.
Mineral magnetic signals are influenced by detrital ferromagnetic assemblages (Maher et
al., 2009, 2016) while grain-size changes and mass accumulation rates can be heavily
influenced by source proximity (Ujvéri et al., 2016a; Stevens et al., 2013b). More generally,
knowledge of loess source gets to the heart of questions over the production of loess
material (Smalley et al., 2009) and can provide insight into large scale landscape and climate

evolution (Nie et al., 2015).

7. Afinal warning applies to the use of chronostratigraphical or chronological
information. Of course, correlation of different lithostratigraphic units may be supported
when they have the same age. In addition, each dating technique has its own precision,
accuracy and reliability limitations. An example of discrepancies arising from the use of
different dated proxy records is provided by the positioning of the Hengelo interstadial
defined based on investigation of terrestrial environmental records in the framework of the

Greenland ice-core record (Vandenberghe and Van der Plicht, 2016).

Thus, one fundamental rule should be applied to loess correlations: it is absolutely
necessary to approach each potential correlation point by a careful evaluation of the causal
geomorphic-sedimentary-pedogenic processes that underlie the proxy records involved
(Bokhorst and Vandenberghe, 2009; Vandenberghe, 2012; Lehmkuhl et al., 2016) and the
local conditions, such as topography, vegetation cover, microclimate, and sediment
availability, that determine those processes, including loess transport and deposition as well

as post-depositional pedogenesis.

4. GLACIAL/INTERGLACIAL SCALE LOESS CORRELATIONS
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Loess-paleosol sequences are produced by much more complex depositional systems with
significantly different accumulation rates, more dynamic environmental thresholds and
higher potential for erosion than records from ice cores or deep-sea or lacustrine sediments,
characterized by more or less continuous sedimentation (e.g. Stevens et al., 2007). Thus, for
loess, at the moment, convincing correlations on regional or even continental scale are only
possible on the level of first order units (i.e. MIS or glacial loess and interglacial
pedocomplex units), although current research has provided significant progress in inter-

profile correlation and direct comparison of different palaeoclimatic records.

4.1. HEMISPHERIC SCALE

The North American and Eurasian loess records are significantly different, and with the
current state of understanding of loess-paleosol formation, the possibility of detailed
correlation on the hemispheric scale is limited. A convincing explanation for the contrasts
has yet to be developed, and will require detailed comparison of the paleoclimatic setting of
major loess sources during both glacials and interglacials, issues of sediment supply and ice
sheet evolution on each continent. In both North America and Eurasia, a paleosol marking
the last interglacial is widely recognized (i.e. S1 in Eurasia, the Sangamon Soil in North
America), as is a relatively thick and rapidly deposited full-glacial loess unit (L1 in Eurasia,
Peoria Loess in North America). However, both the older loess stratigraphy of previous
interglacials-glacials and the detailed stratigraphy of the last glacial cycle differ substantially
between continents (see Bettis et al., 2003, for a North American summary). Figure 4
illustrates especially striking contrasts in the temporal dynamics of loess-paleosol sequences
during the last 16 ky in three major loess regions of the Northern hemisphere: the central

Great Plains (Mason et al., 2008), the Middle Danube Basin (Stevens et al., 2011; Markovi¢
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et al., 2014) and the central Chinese Loess Plateau (Dong et al., 2015). These generalized
chronostratigraphic models show that the major episode of soil development in the central
Great Plains occurred during the Late Pleistocene to Holocene transition, followed by
intermittent loess accumulation throughout much of the Holocene, in contrast to the
predominance of Holocene soil development in Eurasian loess provinces (e.g. Dodonov and
Zhou, 2008) and even in central North America east of the Missouri River (Bettis et al.,
2003). These differences suggest that the local expression of global climate variations of the
past 16 ky was different in the Great Plains than in the Eurasian loess regions, especially
with regard to moisture availability. Different thresholds for dust production and the
availability of source sediment may also play a role. It is also important to note that
although the stratigraphy shown in Figure 4 can be identified in near-source sections over a
large part of the central and northern Great Plains (Mason et al., 2008), it becomes

obscured over relatively short distances downwind.

Generally, loess-paleosol sequences on Eurasian loess plateaus are stratigraphicaly
less diverse. However, there are some important differences in the onset of soil formation
and the cessation of loess deposition within the Eurasian loess provinces. Dong et al. (2015)
suggest that different time of forming themodern soil during the transition from the last
glacial to Holocene was caused by different environmental response to changes in climate
forcing. If a major global climatic shift such as transition from the last glacial to Holocene
does not dictate a uniform response of the terrestrial ecosystem, it is hard to imagine that
climatic fluctuations of smaller magnitude during the glacial or interglacial phases would be

characterized by hemispheric synchronicity in environmental changes (Figure 4).
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A remarkable feature at the top of Chinese sections is LO loess unit. Still under
debate is whether LO is a consequence of the East Asian Summer Monsoon weakening or
instead can be connected with long and intensive human impacts to the environment of the

Central Chinese Loess Plateau (e.g. Zhou et al., 2016).

Because of these significant, environmental differences between North American
and Eurasian loess records, establishing proper chronology is essential. Thus, further steps
towards appropriate hemispheric loess correlations at least for the last glacial and Holocene
records, have to include high-resolution dating necessary for establishment of robust age
control. Only in this case can we have a complete overview of the temporal and spatial

diversity of continental environmental change on a hemispheric scale.

4.2. CONTINENTAL SCALE

Loess over the Eurasian continent is characterized by a considerable diversity of loess
sequences from the arid and semi-arid zones in Central China, Central Asia, Black Sea and
Caspian lowlands and the Lower and Middle Danube Basins to the humid periglacial
European loess regions, as well as the periglacial and subarctic frozen loess zone in Siberia
(e.g. Dodonov and Zhou, 2008; Chlachula et al., 1998). The thickest and most complete, as
well as best preserved loess-palaeosol successions are related to a great middle Eurasian
semi arid loess zone. Spatially, this great continental loess belt spans approximately 45° and

30° N latitude (Markovi¢ et al., 2012a).

Markovi¢ et al. (2015) presented the remarkable accordance between North Serbian

(the Middle Danube Basin) and Chinese loess records (Figure 5). This approach opens up the
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possibility for a transcontinental correlation of European, Central Asian and Chinese loess
sequences, using a standardised nomenclature and chronostratigraphic model. For a direct
correlation of two very distant loess regions, the composite Danubean type sequence
Mosorin/Stati Slankamen (Markovic et al., 2015), and the Chinese Loess type sequence of
Luochuan (Hao et al., 2012) have been employed. Figure 5 shows that the loess
chronostratigraphies in Northern Serbia and in the Central Chinese Loess Plateau from SO to
S8, based on MS variations, correspond strongly. This transcontinental loess correlation
reveals also that there are significant similarities between these two geographically distant
environmental magnetic loess records. Serbian and Chinese loess records have almost
identical general multi-millennial and longer-terms pattern of MS variations and even often
have a close correspondence on shorter timescales. If we accept that the similarities are not
solely a function of the way that the environmental magnetic record as reflected by MS is
recorded and preserved in continental loess records, a similar environmental evolution
needs to be postulated for these regions situated on opposite sides of the Eurasian
continent. The most important factors promoting these similarities include: 1) extension of
the climatic trend of Pleistocene aridification from Asia to southeastern Europe, expressed
as general interglacial aridification as indicated by paleopedological and climate proxies and
as drier and more dusty glacial conditions indicated by higher accumulation rates observed
in younger loess units (e.g. Buggle et al., 2013; Markovic et al., 2015); 2) despite
fundamental differences in dominant climate modes in the Danube Basin (temperate
continental) and China (monsoon), the significant imprint of the dry season’s influence on
these distant loess records is very similar (Markovi¢ et al., 2012a); and 3) generally the same

style of loess deposition,, indicated by the almost parallel position of the multiple loess-
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palaeosol sequences that have been formed and preserved on loess plateaus (Markovi¢ et

al., 2012a).

In spite of these similarities, there are also some significant differences between
these loess records. The absolute magnitude of MS is significantly higher in the Central
Chinese Loess Plateau than in the Danube loess. The most likely reason for this is the higher
background MS of the parent material. More importantly, contrary to the almost uniform
amplitude of the absolute MS values in Danubian loess and palaeosol units, the Chinese
palaeosols from S8 to S6 are significantly smaller in comparison to the younger fossil soils
(Figure 5). Additionally, accumulation rates differ in the Danube Basin and China over this

time interval (Markovic et al., 2012a).

Stevens et al. (2011) also noted specific differences between the Crvenka (Vojvodina,
Serbia) and Beiguoyuan (Chinese Loess Plateau) climate and accumulation records on
millennial timescales based on luminescence dating, notably in the timing of peak
sedimentation and of abrupt fluctuations in MS and grain size. These differences suggest
that while overall continental-scale climate changes are relatively uniform, there are
differences in shorter, more abrupt events and in the environmental conditions of certain
periods. The nature of, and reasons for, these differences are exciting avenues of future
research that should provide significant insight into the dynamics and forcing of regional

scale climate in the context of global and hemispheric shifts.

4.3. REGIONAL SCALE

Valid regional interglacial/glacial loess correlations are more frequent than those attempted

at intercontinental scales. The initial chronological framework for loess—palaeosol
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385  sequences was established by means of palaeomagnetism (e.g. Heller and Liu, 1982; Liu,
386  1985) and subsequently by using a correlation of MS to marine isotope data (Kukla et al.,
387  1988). Later grain size data was also utilized (Porter and An, 1995; Vandenberghe et al.,
388  1997) and direct orbital tuning was performed (e.g. Ding, 2002). Orbitally tuned MS and
389  grain size records from quasi-continuous loess—palaeosol sequences on the Chinese Loess
390 Plateau have been generated to investigate the evolution and variability of the East Asian
391  monsoon, mostly during the Pleistocene, as well as for direct comparison with other major
392  global records (Prokopenko et al., 2006; Tzedakis et al., 2006) or paleoclimatic models (e.g.

393  Bassinot et al., 1994; Lisiecki and Raymo, 2005).

394 Similarities of environmental magnetic records of different sections in the Central
395 Chinese Loess Plateau are significant even if they are more than 200 km distant. Figure 6
396  compares orbitally tuned MS records of type sections on the Central Chinese Loess Plateau:
397 Luochuan (Heslop et al., 2000), Lingtai (Ding et al., 2002), Lingtai and Zhaojiachuan (Sun et
398 al., 2006), and a composite marine oxygen isotope record from the north Atlantic

399  (Shackleton et al., 1990, 1995). It is clear that the boundary ages of S3, S5, L9, S13, S22, S25,
400 S28, S30-31 and S32 are different among the three age models (shown as shaded bars);

401  more work on tuning and correlating these records to resolve the chronological details will

402  be necessary.

403 Well-documented regional loess stratigraphy spanning numerous glacial-interglacial
404  cycles, as in the Central Chinese Loess Plateau, clearly provides the opportunity for

405  statistical analysis of correlations among loess records and between those records and other
406  paleoclimatic datasets. Recent work has more clearly identified potential problems with

407  such analysis and pointed toward solutions. Correlation of proxy data sets in geosciences is
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classically done using the Pearson or Spearman correlation methods (Pearson, 1895;
Spearman, 1904). Especially for significance testing, issues of non-normal distribution, serial
correlation, and often also limited data sizes may limit their direct applicability. These
potential issues are, however, often ignored for simplicity. More complex measures have
been proposed (e.g. Mudelsee, 2003; Olafsdéttir and Mudelsee, 2014), but may not always
be practical due to the necessity to determine multiple parameters prior to significance
testing. Using differences between data points rather than the raw data may counter
spurious correlations that result when using classical correlation parameters (Baddouh et
al., 2016; Ebisuzaki, 1997; Meyers, 2014; Zeeden et al., 2015) may be a preferable option for
many cases. Such approaches are incorporated in the R ‘astrochron’ package (Meyers,
2014), including the option of correlating differences of datapoints instead of dataseries

themselves.

Statistical techniques can be expected to be useful for long datasets spanning at
least several glacial/interglacial cycles, but may be of limited use when regarding rather
short loess sections without clear patterns. For applications in loess research see Zeeden et
al. (2016). Hilgen et al. (2014) discuss the limited use of significance for real geoscientific
datasets, mainly in respect to cyclostratigraphy and time series analysis, large parts of their
discussion can be applied to correlation and tuning of loess. It is important to realise that
geological records do not represent perfect time series and proxy data are often not
normally distributed, limiting the strict application of statistical procedures and the

explanatory power of statistical measures despite their unquestioned value.

On orbital timescales, coherence and typical frequency patterns have been used for

testing correlations in marine and also loess records in mostly qualitative ways (e.g. Basarin
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et al., 2014; Heslop et al., 2000; Sun et al., 2006), but potential bias by previous alignment
has been proposed (Shackleton et al., 1995). Amplitude investigations are favourable for
testing time scales especially when wide precession filters are used (Zeeden et al., 2015),

and were applied by, e.g., Sun et al. (2006).

Correspondence between MS records, as observed in the Central Chinese Loess
Plateau, is also visible for Serbian loess sections during the last five glacial/interglacial
cycles. Despite MosSorin and Batajnica loess sections being 45 km apart, the patterns of MS
records are almost identical in the sections, except for the difference in thickness of the
stratigraphic units. Even some details, such as the appearance of highly weathered
remnants of tephra shards, observed in the loess units L2 and L3 (very base) are identified in
both sections (Markovié et al., 2009, 2015; Obreht et al., 2016; Figure 7).

Unfortunately, other examples of regional loess correlations at interglacial/glacial
scalesin other European, Central Asian and North American loess provinces are not as clear
as in the case of loess sections in the Chinese or Serbian Loess Plateaus (e.g. Ding et al.,
2002; Markovic et al., 2015). In complex conditions of loess deposition and in more
problematic stratigraphic situations related to European loess, the application of amino-
acids racemisation (AAR) relative geochronology has proven very powerful. Paleo- and
environmental magnetism, coupled with numerical luminescence or radiocarbon dating, is
currently the preferred approach for reconstructing chronostratigraphies within loess in
general. However, AAR relative geochronology can also provide valuable information
applicable to a wide range of stratigraphic problems, depositional environments, and
timescales (Penkman and Kaufman, 2012). Application of AAR substantially improved our
understanding of European loess stratigraphy because it made it possible to distinguish the

stadial or glacial character of loess units. The resulting chronostratigraphic interpretations
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for the four youngest glacial/interglacial cycles enabled the revision of the previous
‘classical' stratigraphic schemes in Austria, Czech Republic and Hungary (Zéller et al., 1994;
Oches and McCoy, 1995a, 1995b). AAR methodology was applied to northern Serbia
(Markovic et al., 2004, 2005, 2006, 2007, 2008, 2011) and Hungary (Novothny et al., 2009)
approximately one decade later. The application of AAR relative geochronology to the long-
term loess-palaeosol sequence at Stari Slankamen indicates that the AAR approach can be a
powerful tool in resolving glacial/interglacial cycles younger than the last 700 ky (Markovi¢
et al., 2015). Additionally the erosional hiatus suggested by the MS record and presence of a
gravel unit at the site was confirmed using AAR, which indicated that pedocomplex S2 and
part of the bracketing loess units are missing at this site (Markovi¢ et al., 2011). Recent
improvements in the sensitivity of the AAR geochronological approach (Penkman and
Kaufman, 2012) have the potential to improve the validity of loess-correlations in

forthcoming investigations.

5. MILLENNIAL SCALE LOESS CORRELATIONS

Crucial scientific discoveries in paleoclimate research in the last decades of the 20th
century have been related to the identification of abrupt climate changes during the last
glacial cycle in the North Atlantic region (known as Dansgaard—Oeschger and Bond cycles,
and Heinrich events defined by Bond et al., 1992, Dansgaard et al., 1993). The specific
patterns of numerous short relative warm intervals known as Greenland Interstadials (Gl)
became a stratigraphic standard for the last glacial period and development of the so-called
event stratigraphy (Bjorck et al., 1998; Blockley et al., 2012). Similar millennial-scale climate

variations have been discovered in East Asian speleothems representing detailed evolution
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of the East Asian Monsoon circulation (Wang et al., 2008; Cheng et al., 2012). However, is it
possible to directly correlate loess-paleosol sequences and Greenland ice-core event
stratigraphy? Keeping in mind the cautions noted in previous section, it should first be
mentioned that even high-resolution loess records are not continuous at least on millennial
timescales (Stevens et al., 2006, 2007). Second, these sedimentary gaps are also controlled
by processes associated with local conditions of airborne dust trapping, paleo- and recent
geomorphological dynamics, and other conditions affecting preservation. This is a significant
limitation on preservation of continuous loess records, as well as for suitable reconstruction
of climatic and environmental dynamics. The main mechanism by which North Atlantic
abrupt climate change can be imprinted on Eurasian loess-paleosol sequences is the long
distance supply of moisture associated with the Westerlies circulation (e.g. Vandenberghe
et al., 2006). Thus, it is logical that such correlations between loess and ice core records are
substantial for sections characterized by stronger and more consistent climatic influence of
the Westerlies, as a driver of teleconnections with climate instability in the North Atlantic
region. However, despite these limitations some sedimentary intervals preserved in the
Eurasian loess belt hold the potential for correlation with Greenland ice-core event

stratigraphy.

5.1. REGIONAL SCALE

Yang and Ding (2014) analyzed the grain size of eight thick loess sections in the northern
Chinese Loess Plateau, and constructed a stacked 249-ky-long grain size time series of
millennial-scale variability (termed the “CHILOMOS” record). According to the latter

authors, this stack documents most of the millennial-scale climatic events registered in
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Greenland and in Chinese stalagmites. As shown in Figure 8, millennial-scale climate events
have been recorded in these profiles of the Chinese Loess Plateau during the last and
penultimate glacials, and some are also evident within the last and penultimate interglacial
complexes, but at a relatively low frequency. In addition, the stack shows millennial-scale
climatic events superimposed on a prominent cooling trend during the last and penultimate
glaciations, consistent with the pattern of increasing global ice volume (Yang and Ding,
2014). Thus, the CHILOMOS record may provide a common time scale and a comparative
reference for millennial-scale records of Chinese loess, and will facilitate correlation of
climate records from different archives such as Chinese speleothem (Wang et al., 2008;
Cheng et al., 2012), the LRO4 benthic 6180 stack (Lisiecki and Raymo, 2005), the EPICA
Dome C temperature anomaly in Antarctica (Jouzel et al., 2007), and the combined NGRIP
6180 record from Greenland (5-point smoothed) (North Greenland Ice Core Project

members, 2004; Svensson et al., 2008).

5.2.LOCAL SCALE

The Eifel Laminated Sediment Archive (ELSA) dust stack covers the last
glacial/interglacial period (the last 133 ka) and confirms the dominant climatic influence of
the abrupt climatic events in the North Atlantic region. The ELSA record provides additional
environmental evidence that during the last glacial period the atmosphere over Western
and Central Europe was permanently dusty (Sirocko et al., 2005, 2013; Seelos et al., 2009).
The ELSA record indicates that the two coldest periods of the last glaciation, MIS 4 and MIS
2, were characterised by relatively stable climate conditions associated with accumulation

of homogenous dust sediments. Conditions during MIS 3 were generally dusty but include
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several phases of reduced dust deposition. Even during MIS 5, high frequencies of dust
storms during the cold events C24 and C23 recorded in North Atlantic region (McManus et
al., 1994) after the last interglacial period (MIS 5e) have been detected (Sirocko et al., 2013,

2016; Seelos et al., 2009).

The high level of correspondence between the dust records from the Greenland ice-
cores and the Eifel maar lakes may indicate a substantial opportunity for direct linkage
between marine, ice-core and terrestrial records (Sirocko et al., 2016). However, for
Western and Central Euroepan loess-paleosol sequences synchronous variations with
Greenland ice core stratigraphy are evident only for some relatively short and discontinuous
intervals of deposition. The Schwalbenberg loess-palaeosol-sequence in the Middle Rhine
valley of Germany is one of the most important sections for understanding terrestrial
system responses to North Atlantic climate oscillations within the western part of Central
Europe, especially for MIS 3 and partly for MIS 4 (Schirmer, 2012; Schirmer et al., 2012;

Klasen et al., 2015).

Contrary to the Schwalbenberg site which provides detailed record of environmetal
chamges from 55 to 35 ka, another Middle Rhineland loess section Nussloch, preserves a
high-resolution record spanning the interval between approximately 30 and 20 ka (Antoine
et al., 2001, 2013). Rousseau et al. (2002) have also directly correlated the Nussloch loess
record with Greenland stadial-interstadial cycles (Figure 8). The 14C and luminescence
chronologies suggest that the upper part of the Nussloch loess section corresponds to the
interval starting with Gl 8 (correlated with the Lohner Boden by Zoller and Semmel, 2001)
while the top loess unit is younger than the GI2 in Greenland. The tundra gleys exposed at

the site, Gla, G1b, G2a, G2b, G3, G4 and G7,were correlated to GI7 to 2 in the Greenland ice
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cores (Rousseau et al., 2002, 2007; Antoine et al., 2009). Similarly, the late last-glacial grain-
size records at the Czechian Dolni Véstonice and Hungarian Katymar sections show strongly
expressed grain size variations with numerous abrupt coarse-grained events in the upper
part of these profiles during the same time frame as the Greenland stadial-interstadial

cycles identified at Nussloch (Antoine et al., 2013; Bokhorst et al., 2011).

The Dolni Véstonice site has long been believed to record the terrestrial equivalent
of climatic oscillations known from marine records (Demek and Kukla, 1969; Kukla and Cilek,
1996). The lower and exceptionally well-preserved pedocomplex (PKIl and PKIIl) is the most
complete record of dust response to environmental dynamics in the European loess belt for
the period from 110 to 70 ka. This pedocomplex is composed of three fossil chernozems
intercalated with five aeolian silt layers. Kukla (1975) has defined these silty layers as loess
markers. It has been proposed, based on luminescence ages combined with
sedimentological and palaeopedological analysis, that this soil complex recorded all the
main climatic events expressed in the North GRIP record from GIS 25 to 19 (Antoine et al.,
2013; Rousseau et al., 2013) (Figure 15). However, many questions still remain, not least
whether the lowermost Bt horizon represents intensive postdepositional processes, and
critically, as well as more generally, whether the luminescence chronologies are sufficiently
precise to make the proposed temporal correlations with higher—resolution Greenland ice-
core records; moreover, that time interval in the Greenland ice core chronology is also
characterized by significant chronological uncertainties (See Veres et al., 2013). Given one
standard deviation uncertainties on a luminescence age are at best 5% this equates to +3.5-
5.5 ky uncertainty, far too large to allow such fine correlations over this time interval.
However, the argument lies over whether the sedimentological and palaeopedological

evidence can be used to tune these age estimates sufficiently to allow correlation. The
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sudden environmental shifts represented by the appearance of the dust markers have great
stratigraphic significance (Markovic et al., 2015); therefore, their correct interpretation and
correlation is a crucial issue. Similar Evidence of North Atlantic climatic instability is also
observed in Central Asian (e.g. Vandenberghe et al., 2006) and Chinese loess records (e.g.
Porter and An, 1995). Stevens and Lu (2009) using luminescence dating found that the
taming of sedimentation rates associated with peeaks of coarser grain size only
inconsistently mathed with Heinrich events. Sun et al. (2012) presented records of grain size
variations from the northwestern Chinese Loess Plateau, dated by optically stimulated
luminescence. Reconstructed changes in the strength of the East Asian winter monsoon
over the past 60 ka and reconstructed millennial-scale variations that are broadly correlated

with temperature variations over Greenland, suggesting a common forcing.

In North America, evidence for oscillations on this timescale in loess records has
rarely been reported. Wang et al. (2003) correlated weak palaeosols in loess at two nearby
sites in lllinois with interstadials in the Greenland ice core record between 30 and 14 ka, but
similar evidence has not been identified in the many other sections of loess from the same

time interval across the Midwestern U.S.A.

Bokhorst and Vandenberghe (2009) have extensively discussed the limitations of
correlating short climatic oscillations recorded in the Greenland ice cores with loess records.
They found that the reliability of tuning on the basis of the climatic proxy signal between
two nearby loess sections should be considered carefully. However, the issue of the
precision of tuned age models is still critical here as the oscillation wave-length of a
particular set of climatic shifts is often shorter than the errors on the age model, meaning

that miscorrelations are statistically very likely and at the very least leads and lags are
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entirely lost (Markovi¢ et al., 2015). From all these data it may be concluded that many loess
records from China to Europe show proxy-signals that reflect short climatic oscillations of
the same order as those in ice-core and marine records; however, time equivalence is not

certain at present.

6. POTENTIAL IMPROVEMENTS

6.1. SUB MILLENNIAL SCALE CORRELATIONS

Observed mass accumulation rates for different loess sections are spatially and temporally
variable and highly dependant on (paleo) relief and distance of the dust source area
(Frechen et al., 2003; Kohfeld and Harrison, 2003; Ujvéri et al., 2010; Stevens et al., 2016).
Some loess records indicate ultra high sedimentation rates during long time intervals
(several glacial/interglacial cycles), such as the Mangshan section in China (Prins et al.,
2009), or during some short time intervals as in the Peoria Loess in the USA (Roberts et al.,
2003; Muhs et al., 2013; Pigati et al., 2013) and some European and Asian last glacial loess-
paleosol sequences (Antoine et al., 2001; Fuchs et al., 2008; Ding et al., 1999; Stevens et al.,

2006).

Zheng et al. (2006) showed that the upper part (0-97 m) of the Mangshan loess-
paleosol sequence, formed during the last 2 glacial/interglacial cycles, displays extremely
high sedimentation rates. The average sedimentation rate is approximately 40 cm/ka. The
unique character of the upper Mangshan loess section is clearly represented by comparing
the sedimentation rate estimates for the L1 loess and S1 palaeosol stratigraphic units with
sedimentation rates recorded in a series of loess sections distributed across the Central
Chinese Loess Plateau. On average, the last glacial loess L1 has a 3.1 times higher linear
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sedimentation rate at Mangshan than at typical sections in the Central Chinese Loess
Plateau (eight times higher when L1 horizon units at Mangshan are compared to some other
analyzed sections). The sedimentation rate observed in paleosol S1 in the Mangshan section
is 4.6 times higher than the average sedimentation rate for the same paleosol unit in the
Central Chinese Loess Plateau (Figurel0; Prins et al., 2009). The last glacial/interglacial cycle
loess-paleosol sequence in Mangshan has a resolution of at least several centimeters and
even in some parts decameter per century. These extreme high accumulation rates are
giving an unique opportunity for detailed reconstruction of environmental dynamics on sub-
millennial scale during the whole last glacial period. Even more important is the
understanding of the last glacial sub-millennial climate forcing which is currently almost

unknown.

In the central Great Plains of North America, very rapid accumulation characterized
some intervals of the last glacial Peoria Loess, based on OSL dating and radiocarbon dating
of gastropod shells. At Peoria Loess sections in Nebraska, sedimentation rates as high as 400
cm/ka can be inferred for some intervals, but discrepancies between OSL and radiocarbon
dating add considerable uncertainty to the interpretation of these sections (Roberts et al.,
2003; Pigati et al., 2013). At Loveland, lowa, OSL and radiocarbon ages are in agreement
and suggest that about 13 m of Peoria Loess was deposited almost instantaneously, at the

resolution of the dating (Muhs et al., 2013; Pigati et al., 2013).

Thus, these ultra high-resolution sections provide a unique opportunity to better
understand centennial climatic and environmental dynamics, especially during the last
glacial and deglaciacion periods. However, for sub-millennial investigations in sections with

lower resolution than Mangshan, application of new much more precise age dating or
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sampling techniques will be necessary. Sub-millenial climatic forcing is still quite unknown
and loess ultra resulted records can be regarded as true paleoclimatic treasure because they
can provide solution to discover sub-millenianl cycles of Sun activity as well as to evaluate

climati influence of some terrestrial catastrophic events such as big volcanic eruptions.

6.2. LUMINESCENCE DATING OF MIDDLE PLEISTOCENE LOESS

Luminescence methods (TL-thermoluminescence; IRSL-infrared stimulated luminescence;
OSL-optically stimulated luminescence by blue light or violet light (VSL)) are currently the
only generally accepted methods for obtaining absolute chronologies for loess deposits
through the direct dating of clastic particles. Absolute dating of loess in Europe was
pioneered by the applications of thermoluminescence dating performed by Wintle (1981)
and luminescence dating has arguably now become the de facto independent dating tool for
many loess deposits globally. Roberts (2008) thoroughly reviewed the development and
application of luminescence dating methods but recently further significant advances have
been made, not least with age determination of loess deposits older than standard quartz
OSL and **C age limits. The outcome of these studies holds great potential for future
breakthroughs in stratigraphic correlation over local and continental scale over the middle

Quaternary, a period of time where current correlations are rather uncertain.

Standard quartz SAR OSL dating techniques generally have an upper limit of c. 50-30
ka. Buylaert et al. (2008) used Chinese loess samples to demonstrate caution should be used
in interpretation of ages where equivalent dose values exceeded 120 Gy (~40 ka), while Lai
(2010) reported underestimation for Luochuan loess in China for ages higher than about 70
ka. For loess in Crvenka in Serbia, OSL ages appear accurate to about 60-50 ka

29



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

(corresponding equivalent dose of ~180 Gy) while for sediments older than this, the
technique (SAR protocol) shows clear age underestimation (Stevens et al., 2011). Moreover,
a series of investigations on Romanian (Timar-Gabor et al., 2011; Constantin et al., 2014),
Serbian (Timar-Gabor et al., 2015) and Chinese loess (Timar-Gabor et al., 2016) yielded ages
obtained on coarse quartz (63-90 um) that were systematically higher than those on fine
guartz (4-11 um) for ages >~40ka. This limits the application of luminescence dating to loess
and has driven the development of a suite of new techniques that show great promise in

extending the age range of luminescence methods.

One of the earlier attempts was through use of the thermally transferred optically
stimulated luminescence (TT-OSL) signal, first introduced by Wang (2006) at the Luochuan
section in China. While this initially showed great promise, and TT-OSL signals have been
reported to grow up to doses higher than 2000 Gy, few ages above 400 ka have been
obtained, and dealing with the effect of charge carry over in SAR sequences has limited the
approach (Stevens et al., 2009). Furthermore, investigations into the thermal stability of the
signal has yielded mixed and potentially sample specific results (Adamiec 2010; Li and Li,
2006; Brown and Forman, 2012; Chapot et al., 2016). However, Chapot et al. (2016) suggest
that by applying corrections for thermal loss, meaningful chronologies can be obtained on

loess up to 500 ka.

Ideally though a widely applicable method would not require such corrections. An
alternative method using quartz is VSL (Jain, 2009). This method was again tested on
Luochuan loess in China by Ankjaergaard et al. (2016) and by applying a multiple aliquot
additive dose protocol VSL ages in agreement with the CHILOPARTS chronology up until 600

ka (MIS 15) have been obtained. However, while showing great promise for improving
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middle Pleistocene chronologies the VSL approach is still in its development stage and

requires further testing in multiple loess regions.

The predominant use of quartz was mainly related to the anomalous fading
(athermal loss of signal due to quantum mechanical tunneling) observed to affect
luminescence signals from feldspars (Wintle, 1973). Conventionally, feldspars IRSL is
measured at 50 °C and the effect of increasing the stimulation temperature on the fading
was only recently studied (Thomsen et al., 2008). This lead to a double IR stimulation
protocol, performing a first IR stimulation at 50 °C followed by a second one (post-IR IRSL-
pIRIR) at 225 °C. The first stimulation aimed to remove the unstable signal while the second
stimulation targeted a more stable trap. Thiel et al. (2011) extended the protocol by
changing the preheat and increasing the stimulation temperature to 290 °C. Using Austrian
loess samples from below the Matuyama-Brunhes boundary in saturation on a laboratory
dose response curve they concluded that fading is not significant. The same observation was
made by Murray et al. (2014) for Serbian loess and was further confirmed for loess in the
Rhine area by Schmidt et al. (2014), where an upper limit of 300 ka (MIS 8) was proposed.
pIRIR protocols have also been tested on Alaskan loess (Roberts et al., 2012). The same 300
ka barrier seems also to apply when dating Chinese loess by pIRIR (Buylaert et al., 2013) and
a slightly modified protocol (multi-elevated-temperature post IR-IRSL MET-pIRIR) was tested
on Chinese loess by Li and Li (2012), reaching the same conclusions on maximum age. While
showing great promise, the TT-OSL and pIRIR signals are harder to bleach than the standard
OSL signals, with residual doses that seem to be sample specific and can amount to a few
10s of Gy. This means that these techniques may not be suitable for younger loess deposits.
Despite this and the relatively early stage of these protocols, the application of these new

techniques has already enhanced middle Pleistocene chronostratigraphies for loess deposits
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and the stage is set for using these techniques for much wider scale loess stratigraphic

correlations, both within and across loess regions.

6.3. ADVANCES IN LOESS CHRONOLOGIES BASED ON “C-DATING

In the context of **C-dating major datable phases in loess sediments are charcoals, organic
matter, humic substances (humic acids), rhizoliths and mollusc shells (Hatté et al., 2001;
McGeehin et al., 2001; Pigati et al., 2013; Gocke et al., 2014; Ujvari et al., 2014, 2016b).
Charcoal is commonly regarded as the best target material for **C-dating (Trumbore, 2000).
Although charcoals are thought to be relatively resistant to post-depositional alteration,
there is a growing body of evidence of charcoal degradation and loss by chemical oxidation
(Cohen-Ofri et al., 2006; Ascough et al., 2011a,b), physical fragmentation (Gavin, 2003), or
fungal degradation (Ascough et al., 2010). Also, charcoal can readily adsorb a range of
soluble chemical contaminants migrating in the sediment column like humic substances,
which can have a different **C age than the charcoal (Alon et al., 2002; Rebollo et al., 2008;
Wild et al., 2013). This exogenous carbon is removed prior to radiocarbon dating by treating
the samples with a series of weak acid and base washes (acid-base-acid=ABA treatment; de
Vries and Barendsen, 1954; Olson and Broecker, 1958). While the ABA-technique appears to
be a robust method for contaminant removal for a number of samples (Rebollo et al., 2011;
Bird and Ascough, 2012), several studies demonstrated that it does not always remove all
contaminant carbon, which becomes critical with increasing sample **C age (Gillespie et
al.,1992; Chappell et al., 1996; Wood et al., 2012). An alternative pre-treatment technique,
called the ABOX-SC method, involves an oxidation step after the acid-base steps, which is

followed by stepped combustions at 330, 630 and 850 2C to remove any final traces of labile
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carbon (Bird et al., 1999). Although this technique proved to be very effective in removing

contamination from old samples (Wood et al., 2012; Bird et al., 2014), it often leads to large
losses in sample material (Bird and Ascough, 2012). In such cases charcoals can be subjected
to stepped combustion in pure O, gas atmosphere, first at 400 2C, and then at 800 2C to get

reliable **C ages (Ujvari et al., 2016a).

Radiocarbon dating of organic matter may often be problematic because of the
rejuvenation of organic matter in loess, which renders 14Cc,rg ages unreliable (Gocke et al.,
2010, 2011). Others, however, found little or no evidence for n-alkanes in loess-paleosol
sequences being significantly “contaminated” by deep subsoil rooting or microbial processes
(Haggi et al., 2013; Haas et al., 2017; Zech et al., 2017). This debate is still ongoing and needs

further resolution.

As for humic acids, they often originate from younger vegetation and not from in situ
plant decay in the sediment to be dated (Ascough et al., 2011; Wild et al., 2013). Previous
work on rhizoliths (hypocoatings), that were formed by coating of plant roots by secondary
carbonate (Becze-Dedk et al., 1997; Barta, 2011), demonstrated that these phases are not
synsedimentary (Pustovoytov and Terhorst, 2004; Gocke et al., 2011; Ujvéri et al., 2014),

thus cannot be used for establishing reliable loess chronologies.

Although mollusc shells are often found in loess sediments (Simegi and Krolopp,
2002; Moine et al., 2008), they have often been considered phases yielding unreliable ages.
Early studies documented that land snail shells yield radiocarbon ages that are anomalously
old by up to 3000 yr, due to incorporation of old, **C-free carbonate from the local substrate
into shell carbonate. This phenomenon is often quoted as the ‘limestone problem’ (Rubin et

al., 1963; Tamers, 1970; Evin et al., 1980; Goodfriend and Hood, 1983; Goodfriend and
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Stipp, 1983; Yates, 1986; Goodfriend, 1987). However, most of these works were biased
towards gastropods having relatively large shells (>20 mm) and recent studies by Brennan
and Quade (1997) and Pigati et al. (2004, 2010, 2013) demonstrated that reliable 4c ages
can be obtained from smaller gastropods (shells <10 mm) that have largely been ignored in
previous **C-dating studies. Beyond the ‘limestone problem’, another one is to assess
whether the shells behaved as close systems with respect to carbon during burial. Open-
system behavior is a serious concern in older samples (60-25 ka) where small amounts of
contamination cause large bias/errors in **C ages. Rech et al. (2011) and Pigati et al. (2010,
2013) revealed, by measuring the *C activities of very old mollusc shells (800-130 ka) and
testing land snail shell ages against plant macrofossil **C ages, that many fossil gastropod
shells do not suffer from major (> 1%) open-system problems. As demonstrated in
independent studies of Pigati et al. (2013) and Ujvari et al. (2014, 2016b), shells of some
mollusc species (e.g. Succinella oblonga, Clausiliidae sp., etc.) provide reliable ages that can
form the basis of robust loess chronologies, which can be highly precise on millennial and

even sub-millennial timescales.

6.4. APPLICATION OF TEPHROCHRONOLOGY

As already discussed, in recent years, apparent limitations on the dating of loess deposits
and in isolating millennial-scale climate variability have given a new impetus to providing
secure isochronous age markers for loess records (Markovi¢ et al., 2015). Volcanic ash beds,
and particularly those dispersed over wide geographic areas, played a crucial role in building
chronological frameworks for paleoclimate records (Storey et al., 2012). Tephra layers have

also proven their value in assessing phase relationships of climatic events, a crucial
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requirement for understanding the value of individual proxy-data (including those for loess)
in the comparison of various palaeoclimatic archives (Abbott and Davies, 2012; Lowe et al.,

2015).

The South Eastern European loess belt is located near volcanic centers that have
been significantly productive throughout the Quaternary (see review in Tomlinson et al.,
2015). The central-eastern Mediterranean marine tephrostratigraphic record, augmented by
recent findings from long lacustrine records within the Balkans (Leichner et al., 2016)
indicate that several well-dated volcanic eruptions provided tephra layers that could serve

as excellent isochrones also for loess records.

For example, the widespread Bag tephra identified in multiple loess sites across the
Carpathian Basin (Pouclet et al., 1999; Horvath 2001), albeit lacking secure chemical and
chronological data, nonetheless provides an undisputed stratigraphic marker horizon for
Middle Danube loess (Fig. 5-6). Interestingly, the identification of a MIS 12 tephra bed
within Pianico Basin in northern Italy (Brauer et al., 2007) led the authors conclude that the
calc-alkaline tephra bed originating from the Campanian volcanic complex of Roccamonfina
and dated to around 400 ky might be a counterpart of the widespread Bag tephra. Whilst
the proposed link between the Bag tephra and the ash bed in the Southern Alps is tentative,
it nonetheless provides a working scenario; the available chemical and mineralogical data on
the Bag tephra also points to an origin in the Italian volcanic field (Pouclet et al., 1999;

Horvath 2001).

Interestingly, two other laterally continuous tephra beds have been identified in the
last glacial loess (Horvath 2001; Wacha and Frechen, 2011) from the Middle Danube and the

Adriatic coast, and dated to around 34 ka and 30 ka. As two important tephra layers have
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been reported in marine and terrestrial sites over that time interval, namely the Y-3 and the
Coddola ashes, it is tempting to propose direct linking of records. Correlation of these
tephra beds in the absence of reliable chemical data for the terrestrial occurrences is risky
and must be verified through further work, but this potential correlation raises the
possibility that the regional loess tephrostratigraphy could be augmented and eventually
integrated within a regionally representative framework. In this respect, perhaps the most
compelling example is provided by the Campanian Ignimbrite/Y-5 eruption, that, due to the
large volume of volcanic ejecta, excellent preservation of glass shards and a north-easterly
spread of the ash plume, forms the most important visible marker horizon with independent
numerical age control (de Vivo et al., 2001) for Eastern European loess. It has been
identified widely in southeastern European loess (Veres et al., 2013; Fitzsimmons et al.,
2013; Obreht et al., 2016), raising the possibility for a direct comparison of different loess
profiles (Markovi¢ et al., 2015) and also of loess with various paleoclimatic records from the
Balkans and beyond (Zeeden et al., 2016). Moreover, the Campanian Ignimbrite/Y-5 ash
layer has been employed successfully in testing the accuracy of various multi-method
luminescence-dating approaches applied to loess (Constantin et al., 2012; Veres et al., 2013;
Fitzsimmons et al., 2013; Anechitei-Deacu et al., 2014; Zeeden et al., 2016). Recent research
has documented significant age discrepancies between different quartz-grain sizes of the
same sample, a limitation in luminescence dating of loess not yet fully overcome (Timar and
Wintle, 2013). In this respect, the Campanian Ignimbrite/Y-5 ash layer provided a
chronological base line against which different luminescence dating approaches have been
tested (Constantin et al., 2012; Anechitei-Deacu et al., 2014), with encouraging results. A

similar approach was followed in Fattahi and Stockes (2003) and Auclair et al. (2007)
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through the direct luminescence dating of a tephra horizon and the embedding loess

deposits at sites throughout North America.

Other notable examples of the application of tephrochronology involving loess
deposits include the recent identification of Carpathian ash beds in proximal loess-derived
deposits within Transylvania (Karatson et al., 2016) linked to distal areas, north of Black Sea
(Wulf et al., 2016), as well as in loess profiles from Japan (Matsura et al., 2012), New
Zealand (Lowe, 2011), Alaska (Preece et al., 2011), central-western Europe (Sirocko et al.,

2013) or South American loess (Toms et al., 2004).

6.5. TOWARDS IMPROVED MAGNETOSTRATIGRAPHY

Magnetic stratigraphy represents a powerful and widely used relative dating tool. Beside
environmental magnetic proxies related to environmental changes (e.g. magnetic
susceptibility stratigraphy), properties of the Earth’s magnetic field are investigated and
correlated to reference sections and/or datasets as usually the Geomagnetic Polarity Time
Scale (GPTS), part of the Geological Time scale (Gradstein et al., 2012; Ogg, 2012). When
sedimentation rates are not dramatically changing and the polarities of Earth’s magnetic
field are recorded, correlation allows for establishment of a time scale on the scale of
magnetic features. Polarity time scales therefore commonly have a rather low resolution
due to the limited number of reversals over the Neogene and Quaternary (1/10*10 yrs).
Both the polarity and intensity variations can be used for time scale establishment.

Especially within the recent magnetic polarity zone, the intensity of Earth’s magnetic field
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can be valuable for dating, and reference datasets were established (e.g. Channell et al.,

2009; Kissel et al., 2000; Laj et al., 2004; Valet et al., 2005).

Earliest time scales for loess have been established by magnetic polarity stratigraphy
(Fink and Kukla, 1977; Heller and Liu, 1982, 1984; Kukla et al., 1988; Kukla, 1975). In their
seminal papers Heller and Liu (1982, 1984) assigned firstly the Chinese loess record to the
GPTS and demonstrated secondly via magnetic susceptibility stratigraphy the unique match
between the marine isotopic record the alternation of loess and paleosoils. Ever since,
correlative loess stratigraphy benefited from magnetostratigrapic age constraints, which
were later on refined (e.g. Maher, 2016), when also rather short term geomagnetic
excursions (e.g. Reinders and Hambach, 1995; Sun et al., 2013; Zhu et al., 1999, 2006) and
paleointensity records (Hambach et al., 2008; Liu et al., 2005; Rolf et al., 2014; Zeeden et al.,

2009) were used.

A comparison of paleointensity records from Europe (Figure 10) to the North Atlantic
Paleointensity Stack GLOPIS (Laj et al., 2004) shows some common features , here indicated
by colored circles, which were used in constraining age models for European loess sites
(Hambach et al., 2008; Rolf et al., 2014; Zeeden et al., 2009). Also clear are some
discrepancies, especially when comparing the longer term patterns and the amplitude of
minima and maxima in paleointensity. Though relative minima and maxima can be observed
and correlated, their amplitude in loess seems less homogeneous than in other archives
(Roberts et al., 2013; Fig. 10). This may be caused mainly by sedimentological and magnetic
grain size variations and early diagenetic effects, which in turn dependent on climatically

controlled wind strength and post-depositional pedogenic processes.
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7. CONCLUSIONS

Contrary to the records derived from ice cores and deep-sea or lacustrine sediments,
characterized by more or less continuous sedimentation, loess-palaeosol sequences are the
product of more complex depositional systems with significantly varying accumulation rates,
more dynamic environmental thresholds and higher sensitivity to erosion. Thus, valid
correlations on regional or even continental scales are only possible at the level of first
order units (i.e. MIS or glacial loess and interglacial pedocomplex units), although recent
research has resulted in significant progress on inter-profile correlations and direct
comparison of different palaeoclimatic records . However, rapid current improvements in
numerical dating techniques, associated with tephrochronological approaches, could result
in much better understanding of the chronostratigraphic mosaic in forthcoming years. Due
to widespread distribution across Northern Hemisphere continents, loess records with
accurate age control can be regarded as a missing link for better understanding
paleoclimatic variation and linkages across the Northern Hemisphere and globally, and

between continents and oceans.

Additionally, improvements in loess correlations and age dating summarized in this
study should open possibilities for better, more detailed temporal and spatial environmental

reconstructions spanning at least the Holocene, last deglaciation and last glacial period.
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FIGURE CAPTIONS

Figure 1 Loess and loess-like sediments distribution (Pécsi, 1990).

a. Loess sediments; b. Loess-ike sediments.

Figure 2 Loess deposition types.

Figure 3 Time series of last-glacial loess mass accumulation rate (expressed on a logarithmic
scale, in g/cm2/ky) for the Tuxiangdao (Xining) and Huanxian (Loess Plateau) sections (from
Vriend et al., 2011).Figure 4 Generalized comparison between loess-paleosol chrono-
stratigraphy at three typical loess regions of the Northern hemisphere: Central Great Plain
(Mason et al., 2003, 2008), the Middle Danube Basin (Stevens et al., 2008; Markovié et al.,
2014) and Central Chinese Loess Plateau (Dong et al., 2015) during the last 16 ky.

Figure 4 Generalized comparison between loess-paleosol chrono-stratigraphy at three
typical loess regions of the Northern hemisphere: Central Great Plain (Mason et al., 2003,
2008), the Middle Danube Basin (Stevens et al., 2008; Markovi¢ et al., 2014) and Central
Chinese Loess Plateau (Dong et al., 2015) during the last 16 ky.

Figure 5. Direct correlations between the MoSorin and Stari Slankamen synthetic (MSS)
loess-palaeosol sequence and the Louchuan loess type section on the Central Chinese Loess
Plateau (Hao et al., 2012). The uncertain stratigraphic interval in the transition between L2
and S2 units is indicated with “?” (Markovi¢ et al., 2015).

Figure 6 A) Map showing the distribution of loess deposits and locations of the main loess
sections on Central Chinese Loess Plateau. LT, Lingtai; ZJC, Zhaojiachuan; PL, Pingliang; B,
Baoji, LC, Luochuan, PX, Puxian; JB, Jingbian; JX, Jiaxian. Arrows connect the position of the
sites with their records. B) Comparison of four astronomical timescales for the loess—
paleosol sequences with the benthic 580 records from ODP sites 677/846 (Shackleton et al.,
1990 and Shackleton et al., 1995). From top to bottom: A, LC MS record on the H2000 age
model; B, LT MS record on the D2002 age model; C, LT MS record on the S2005 age model;
D, ZJC MS record on the S2005 age model. Discrepancies among these age models are
denoted as shaded bars (e.g., S3, Ss-1, Lo, S3», etc). Dashed lines indicated the positions of
magnetic reversal boundaries recorded in Chinese loess and marine records (Sun et al.,
2006, modified).

Figure 7 Comparison between MS records of the Batajnica and Mosorin sections in Serbia
with map showing distance between these sections (Markovi¢ et al., 2015).

Figure 8 Millennial-scale events documented in the stacked grain size record of Chinese loess
(CHILOMOS) for the last 249 kyr, and correlation with the stalagmite 6180 record (Wang et al., 2008;
Cheng et al., 2012), the LR04 benthic 6180 stack (Lisiecki and Raymo, 2005), the EPICA Dome C
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temperature anomaly in Antarctica (Jouzel et al., 2007), and the combined NGRIP §180 record from
Greenland (5-point smoothed) (North Greenland Ice Core Project members, 2004; Svensson et al.,
2008). The Chinese Loess Interstadial (CLIS) events A1-A25 and B1-B24 are identified in the loess
grain size records for the last and penultimate glacial-interglacial cycles, respectively. The shaded
arrows indicate the long-term trend of the CHILOMOS and benthic §180 records in each glacial-
interglacial cycle.

Figure 9 Comparison between the grain-size variation in Nussloch and the atmospheric dust content
over Greenland (Dansgaard et al., 1993; De Angelis et al., 1997; Fuhrer and Legrand, 1997;
Steffensen, 1997) for the 31-19 kyr interval. The Nussloch time scale was calculated using the
Analyseries software (Paillard et al., 1996). G1, G2, G3... - tundra gley horizons (according to
Rousseau et al., 2022).

Figure 10 Linear sedimentation rate estimates for loess unit L1 and palaeosol unit S1 as recorded in
the Mangshan section and a series of seven loess sections distributed across the Central Chinese
Loess Plateau. Data of the LP sections are taken from Prins and Vriend (2007) and references cited
therein (Prins et al. 2009).

Figure 11 Comparison of normalized relative paleointensity (RPI) data from the European loess sites
Krems (Hambach et al., 2008), Sutt6 (Rolf et al., 2014), Susak (Wacha et al., submitted) and Poiana
Ciresului (Zeeden et al., 2009) compared to the GLOPIS stack (Laj et al., 2004). In addition, the grey
line represents the rough position of the Mono Lake geomagnetic excursion in these records. All
records support the RPI dating independently.
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