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Anonymous Referee #2 Overall assessment. Recent work by Schuster et al. (2018)
and Olson et al. (2018) showed that arctic permafrost stores a significant amount of
mercury (Hg), environmental toxicant harmful to human health and the environment.
Climate change driven permafrost thaw will most likely lead to substantial Hg remo-
bilization to the atmosphere and aquatic systems. In that context, a well constrained
Hg budget in arctic permafrost is necessary. The two above-mentioned studies used
Hg to carbon (Hg:C) ratios measured in Alaska, together with a northern soil C in-
ventory, to estimate the amount of Hg stored in pan-Arctic northern soils. However,
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measurements of Hg:C ratios in Siberia are missing, hampering our ability to accu-
rately estimate northern soil Hg pool. In this manuscript, Lim et al. report Hg and C
concentrations, and Hg:C ratios, in six peat cores collected in the Western Siberian
Lowlands (WSL). Using these data, the authors revise the northern soil Hg pool to 557
Gg (0-300 cm), which is three times lower than the previous estimate of _1650 Gg by
Schuster et al. (2018). Therefore, this manuscript will make an important contribution
to the field after the authors address the following comments. Overall, I consider that
the manuscript lacks precision in many aspects and the authors should clarify their
Methods section. - Response: we clarified the definitions of terms and methods and
explained the sampling strategy.

Comment 1. Throughout the manuscript, the authors refer to northern soil Hg pools
calculated by Schuster et al. (2018) et Olson et al. (2018) for the upper 1 m: 755 Gg
and 184 Gg, respectively. Olson et al. (2018) actually showed that Arctic tundra soils
store 184 Gg of Hg while boreal soils store additional 224 Gg. The authors therefore
reported a pool of 408 Gg of Hg for northern tundra and boreal soils. Page 1068,
Olson et al. say “Our combined estimate for Hg pools of 408 Gg for the top 100 cm
of boreal and Arctic soils is about half of what Schuster et al. (2018) estimated was
stored within upper soils”. If the authors consider that 184 Gg is a better estimate and
is a better comparison to the Schuster et al. study, please provide an explicit definition
of “northern” soils to provide the readers an easier apple-to-apple comparison.

Reply: We agree with the reviewer that there is some confusion on the extent of the
area for which the pool estimates apply. We change the nomenclature from “northern”
soils to “northern circumpolar permafrost region”. We thereby rely on the definition
by Hugelius et al. 2014 (Biogeosciences) Please note that this definition does not
include boreal soils, for which we calculate a Hg inventory separately, e.g. see Table
4 and Figure 9. Olson et al. also calculated Hg soil pools separately for the northern
circumpolar permafrost region and for the boreal region and the 408 Gg reported by
the reviewer above sum up the two regions. In our comparison of the three studies
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(Schuster et al. 2018, Olson et al. 2018 and this contribution) we deal with northern
circumpolar permafrost region only, which is based on the definition of Hugelius et al.
2014 in all three studies. Differences in Hg pool estimates between the three different
studies originate from different RHgC ratios applied to the same carbon pool estimate
rather than from the area.

Comment 2. Throughout the manuscript, the authors suggest that according to Olson
et al. (2018), the Hg:C ratio in Alaskan organic and mineral horizons ranges from 0.12
to 0.62 Gg/Pg. However, according to Table 1 in Olson et al. (2018), Hg:C ratios
range from 0.27 Gg/Pg in organic soils to 0.62 Gg/Pg in mineral soils. Please edit the
manuscript accordingly.

Reply: Please note that we discovered an error in Olson et al.: in Olsen’18 Table 1,
and main text the median Hg:C ratio for organic soils is indicated to be 0.274 Pg/Gg;
yet the IQR is 95-193 Gg/Pg. Also, multiplying the 274 number by the carbon pool (217
Pg) does not giveyield the 26 Gg Hg pool. The correct median Hg:C ratio for organic
soils should be 0.119 Gg/Pg. This error did not affect the final pool size calculation in
Olsen et al.; it is just an error in text and table. We added a line to our MS to indicate
this error (L334, and 454):

“Note that Olson et al. Table 1 has an incorrect organic soil RHgC of 0.274 Gg Pg-1,
which should be 0.119 Gg Pg-1; the typo did not affect their soil Hg budgets.”

Comment 3. The authors extrapolate Eurasian soils Hg pool based on six peat cores
collected in the WSL but do not discuss horizontal soil heterogeneity nor the need for
additional samples in other parts of Siberia. I would appreciate a critical discussion on
the soil sampling strategy used in this study. See Perkins et al. (2013) for tips. It is
for instance usually recommended to implement a systematic sampling strategy or to
combine replicate samples into a “composite sample”.

Response: We understand and share the reviewer’s concern. There are multiple rea-
sons for rather limited sampling volume in our work: 1. Sampling strategy aimed to

C3

https://www.biogeosciences-discuss.net/
https://www.biogeosciences-discuss.net/bg-2019-483/bg-2019-483-AC2-print.pdf
https://www.biogeosciences-discuss.net/bg-2019-483
http://creativecommons.org/licenses/by/3.0/


BGD

Interactive
comment

Printer-friendly version

Discussion paper

retrieve intact cores, so that 14C dating and C/Hg stable isotope analysis (ongoing)
will help assess C remineralization rates, and Hg deposition/re-emission. Composite
sampling from multiple cores, at the same depths perturbs these objectives. Ideally
we would take 5 peat cores per permafrost region, in order to understand intra-site,
local variability in all signals. With the current funding rates in France, Europe, and
Russia (<10%) this is vary challenging, in particular because field logistics in Russia
and sample transport demand substantial financial resources; give us a bag of money
and we will get those 25 cores :). We added the following text on sampling strategy to
the methods section: “Field logistics and financial support did not make it possible to
study multiple cores from each climate zone.” In response to this comment, we will em-
phasize the need for additional work in Eastern Siberia in the abstract and discussion.

Overall, we fully acknowledge the limitations of the RHgC upscaling approach and we
understand a need to move towards a spatially resolved Hg pool estimate to incorpo-
rate heterogeneity in geogenic Hg and soil formation and to achieve a more detailed
analysis of risk areas with respect to Hg transfer to aquatic ecosystems and evasion to
the atmosphere Furthermore, we estimated the lateral variability in trace (toxic) metal
concentration in peat cores from various micro-landscapes (mound, depression) in the
same permafrost zone (latitude) based on our former work of elementary composi-
tion of peat across the WSL (Stepanova et al., 2015, Appl. Geochemistry, 53, 53–70,
doi:10.1016/j.apgeochem.2014.12.004, Fig. 5, and associated Supplementary Infor-
mation). These variations for Cd and Pb concentrations range from 25 to 50%. Similar
range is exhibited by Fe and P. Although these elements cannot serve as straightfor-
ward analogues to highly labile Hg, we believe that the lateral variations in Hg con-
centration should be within the IQ range of Hg:C ratio as depicted in Fig. 4 of our
manuscript, and as such, these variations do not sizably affect the overall estimation of
Hg pools in Eurasian peat soils.

Comment 4. According to section 2.2, C pools were multiplied with the respective Hg:C
ratios for organic and mineral soils from north America (excluding Alaska) and Eurasia
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to estimate the northern soil Hg pool. I am not entirely sure what the authors mean by
“excluding Alaska”. Did they estimate the northern soil Hg pool by applying different
Hg:C ratios for Alaska, or by simply assuming Alaska does not exist? Please clarify.

Response: We acknowledge that Alaska still exists! But we did not include Alaskan
mineral soil Hg:C ratios in our estimate of the mineral soil Hg:C ratio representative
for the entire northern circumpolar permafrost region. The reason is that the ele-
vated Alaskan mineral soil Hg:C ratio is biased high and not representative of the large
Siberian mineral soils. On Lines 360-362 of the discussion paper we quantify the sys-
tematic error made by ”excluding Alaska”: “The error made by neglecting high RHgC
in Alaskan mineral soils is small, on the order of 2.5 Gg Hg, as estimated from the
relatively small Alaskan C pool of 2.6 Pg C (Tarnocai et al., 2009).” The 0-3 m Hg pool
in the northern circumpolar permafrost region is 557 Gg with an interquartile range
between 371 and 699 Gg. We therefore argue that a systematic underestimation in
the order of 2.5 Gg (approx. 0.5% of the total pool) is negligible given the large uncer-
tainties associated with the estimate. The carbon pool estimates for different soil types
from Hugelius et al (2014) are for the entire northern circumpolar permafrost region
and no such data are available for Alaska on a soil type level. Therefore we are not
able to provide a more accurate estimate at this stage.

Comment 5. Page 14 and Figure 8, the authors suggest that “North American and
Eurasian mineral soils Hg:C ratio was lower than Hg:C ratio reported for Alaska”. Ad-
ditionally, “the Hg:C ratio in organic soils was approximately 4 times lower than that in
mineral soils of North America and Eurasia”. I do not understand which dataset was
used here. I would appreciate a table with the list of studies the authors are referring
to. In lines 345-346 the authors mention “the literature data compilations of Olson et
al. (2018) and Schuster et al. (2018)” but this is to my point of view not enough.

Response: For our analysis we combine four datasets: the original permafrost Hg data
from Schuster et al. 2018 (ca. 590 datapoints), a global compilation of Hg soil data
by Schuster et al (ca. 11000 datapoints) a dataset of permafrost-affected Arctic and
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Boreal Hg soil data used by Olson et al. 2018 (958 datapoints) and the original soil data
from the western Siberian lowlands (223 datapoints). We refer to the data availability
statement, where we provide a link to the data sources used in this analysis. The
dataset original in this study is provided in the supporting information of this study. The
dataset used in Olson et al 2018 is currently not publically available and has to be
acquired by contacting the corresponding author.

Comment 6. Same comment for the Hg:C ratios in various climate zones: which data
were used? Again, I would really appreciate a table summarizing the literature used
here. This entire section is too confusing as is.

Response: We refer to the data availability statement, where we provide a link to the
data sources used in this analysis. Data availability. Hg and C concentration data of the
WSL soil samples are available in the supplement. The permafrost data from Schuster
et al. 2018 and a global compilation of RHgC data is available as supplementary infor-
mation (https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL075571, last
access: 6 December 2019). The Arctic and boreal soil data from the Olson et al. 2018
study is available from the corresponding author upon request. Note that Olson et al.
Table 1 has an incorrect organic soil RHgC of 0.274 Gg Pg-1, which should be 0.119
Gg Pg-1. The data from the tropical climate zone was compiled from original publica-
tions of Almeida (2005); Almeida et al. (2005); Campbell et al. (2003); Melendez-Perez
et al. (2014). We now added these reference to the main text as well.

Comment 7. The authors compare their 1084 Gg estimate of global Hg soil pool (0-
30 cm) to the available literature. However, as mentioned by Outridge et al. (2018)
(that should be cited here), most of these studies refer the amount of Hg in the actively
recycling soil pool. For instance, the 950 Mg estimate by Outridge et al. (2018) refers
to the top 10 cm. Similarly, Selin et al. (2008) referred to a layer _ 15 cm deep.

Response: We agree that the soil depth intervals to estimate the Hg pools in soils
varies between different studies and thereby contributes to the large range in pool
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estimates. In the revised MS we will report the soil depth intervals of individual studies.
The depth of 0 to 30 cm has been used in our study because this interval is established
in the carbon community and soil carbon inventories exist for this depth range. We do
not interpret this depth interval as the soil Hg pool that is actively recycled. Such
a simplification would not take into account the heterogeneity between different soil
types and the complexity of Hg cycling in soils. We will add the Outridge et al. 2018
reference, but we could not find where the 950 Gg soil pool estimate for the 0-10cm is
referred to. In Table 1 of the Outridge et al. (2018) paper, the soil Hg pool (described as
organic layers) is estimated to be 150 Gg, but no depth interval is given in their work.

Line-by-line comments:

Lines 38-39: “Hg concentrations increase from south to north in all soil horizons, re-
flecting enhanced net accumulation of atmospheric gaseous Hg by the vegetation Hg
pump”. As is, this sentence seems to suggest increasing vegetation uptake from south
to north. However, as discussed in the manuscript, the Hg concentration increase is
actually due to decreasing reemissions from south to north. Please edit this sentence
accordingly (misleading as is).

Thanks for pointing out this inconsistency. We changed the phrase as follows: “Hg
concentrations increase from south to north in all soil horizons, reflecting a higher
stability of sequestered Hg with respect to re-emission.”

Lines 70-71: see major comment #1. - We agree and changed the nomenclature
accordingly.

Line 82: “strong year round net Hg(0) emission”. Please clarify what you mean by
“strong”. - Deleted the word ‘strong’

Line 91: “GIS” please define acronym. - Deleted the term ‘GIS’; it is not critical; ex-
panding would lengthen the phrase unnecessarily.

Line 95: see major comment #2. -Necessary explanation is added to the manuscript.
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Line 126: please replace “atmospheric” by “ambient” and “increases” by “decreases”.
-Changed as suggested

Line 131: referring to the active layer as “unfrozen” soils is somewhat misleading since
the active layer thaws during summer but freezes again in winter. - We deleted the
word “unfrozen”

Lines 152-155: see major comment #3. We agree and emphasized the need for ad-
ditional work in Eastern Siberia. We also note that the lateral variations in trace metal
concentrations in peatbogs of WSL (mound vs depression) are within 30-50% (based
on our previous work on elementary composition of peat profiles). These variations are
within the IQR of recommended values and thus should not affect the overall assess-
ment of Hg pools.

Lines 166-177: please define acronyms (BCR, MESS, NIST, SRM, ICP-MS). - It is
fairly uncommon to fully write out acronyms of reference materials BCR, MESS, NIST
SRM, i.e. doing a google on the acronyms (with reference number) will lead to the right
information; doing a google on full terms will not. We expanded the term ICP-MS. SRM
was deleted.

Lines 187-189: unclear, see major comment #4. -The carbon pool estimates for dif-
ferent soil types from Hugelius et al (2014) are for the entire northern circumpolar
permafrost region and no such data are available for Alaska on a soil type level.

Line 190: typo, “singe” should be “single”. - Typo corrected

Line 211 and throughout the manuscript: please use “PI” instead of the full name to
make it easier to find the associated figure (same comment applies to all the sites). -
Well, that would add another 6 acronyms to the MS; we prefer to discuss sites by nam-
ing them fully; Note that the Figure captions include both full names and abbreviation,
such as Plotnikovo (Pl).

Lines 218-224: how does this compare to other studies? Please strengthen the discus-
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sion. - Please note that we separated the results and discussion part in this manuscript.
In section 3.1. we present the results from the peat cores sampled along the western
Siberian lowlands. A comparison with other studies is given in discussion section 4.2.

Lines 225-229: how does this compare to other studies? Please strengthen the discus-
sion. - Please note that we separated the results and discussion part in this manuscript.
In section 3.1. we present the results from the peat cores sampled along the western
Siberian lowlands. A comparison with other studies is given in section 4.2.

Line 301: for consistency please use the same units throughout the manuscript
(Gg/Pg). - Corrected throughout the MS

Line 320: see major comment #2. - Necessary edits and corrections were applied.

Lines 322-323: see major comment #1. - We agree and changed the nomenclature
accordingly.

Lines 328-329: please add units for the medians. - The units were added

Lines 318-352: I find this entire section confusing because I do not understand which
data you are referring to. See major comment #5. - We clarified as much as possible,
adding “Dalton Highway, Noatak Natinoal Preserve, 8 Mile Lake Observatory” localities
to the Olson et al., site description.

Lines 365-367: Please clarify which studies you are referring to. See major comment
#6. - We revised the data availability statement and added relevant references. We
added references from the Data availability Statement to the main text now :” (Campbell
et al., 2003; Almeida, 2005; Almeida et al. 2005; Melendez-Perez et al., 2014; Olson
et al., 2018)”

Lines 369-373: See major comment #7. - We explained specific soil depths with rele-
vant references.

Figure 3: the caption should be self-explanatory. What do ALT, PF1 and PF2 mean?
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The ALT stands for Active Layer Thickness and PF1 and PF2 designate surface and
deep permafrost layers. See Table 1 for exact abbreviations of ALT, PF1 and PF2.
Specifically, PF1 is frozen peat, (ALT-100 ÑĄÐij); PF2 is frozen peat (ALT to mineral
layer). We added a pertinent reference to Table 1, where these abbreviations are
presented.
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