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Dear Dr. Pendall:

Please find enclosed an electronic copy of our revised manuscript (bg-2014-118) entitled: “X-
ray fluorescence mapping of mercury on suspended minera particles and diatoms in a
contaminated freshwater system” by B. Gu, B. Mishra, C. Miller, W. Wang, B. Lai, S. Brooks,
K. Kemner, and L. Liang.

We thank you for providing us with the opportunity to revise our manuscript and the reviewers
for their positive and helpful comments to improve our manuscript. As detailed in our
“Responses to Referees’, we have addressed reviewer’'s concerns and incorporated all
suggested changes in the revised manuscript. We hope you will find that the revised
manuscript is now acceptable for publication in Biogeosciences.

On behalf of my co-authors, | thank you for your time and consideration of this manuscript for
publication in Biogeosciences. Should you have any additional questions or need additional
information, please contact me at (865)-574-7286 or gubl@ornl.gov. | look forward to hearing
from you.

Sincerely,

Baohua Gu, Ph.D.
Distinguished Senior Research Scientist



Responses to Referees (MS# bg-2014-118)
Author’s Responses to Referee #1 Comments:

This paper addresses important and poorly investigated question — the localization (speciation) of
mercury in river suspended matter, linked to highly contaminated river systems. The authors used state
of the art method to localize Hg in particles sampled in a contaminated freshwater system and they
concluded on the mechanisms of Hg binding and transport in the environment. While the methods are
adequate, their interpretation and major authors’ conclusions are not fully supported by the data. | am
not sure that simple arrangement of the discussion will help here and collection of new data is necessary
to demonstrate what the authors intended to show.

Response: We thank Reviewer’s helpful comments. However, we point out that this work was
focused on the localization, rather than “ speciation”, of mercury on suspended particles. Our main
conclusion was that “ mercury is heterogeneously distributed among phytoplankton (e.g., diatoms) and
mineral particlesthat arerich in iron oxides and natural organic matter (NOM)”. In discussion, we
hypothesized (or speculated) that Hg association with NOM-minerals was due to the formation of Hg—
NOM-Fe-oxide ternary complexes based on the fact that NOM strongly sorb onto Fe and Al oxide
surfaces via carboxyl or hydroxyl functional groups, whereas Hg(l1) can form strong complexes with
NOM via sulfhydryl and other functional groups (many references cited). Therefore, NOM acted as a
bridging agent between Hg and iron oxides by forming Hg—NOM -oxide complexes, and our limited data
in fact support this argument (i.e., XRF showed strong correlations between Hg and Fe, and FTIR and
elemental mapping clearly indicate NOM coatings on mineral particles).

We note again here that we are simply interpreting our results (as discussion). It isthe hypothesis
based on the literature review and our limited data, and it was never stated as “fact” but as possible
explanations. Nonethel ess we reworded these sentences and removed any ambiguous words related to Hg
speciation in the revised manuscript. Therefore, we believe that additional data are unnecessary since our
work is not focused on the speciation or mechanisms of Hg binding and transport per se.

1) To assess Hg speciation adsorbed onto mineral and organic particles, rigorous surface complexation
modeling using available constants is necessary. Without such a modeling, only quantitative — and not
really novel — picture of Hg interaction with RSM can be drawn.

Response: As stated above (also see abstract and introduction), the primary objective of thiswork is
to apply the X-ray fluorescence (XRF) microprobe to directly visualize and quantify the spatial
localization of Hg and its correlations with other elements of interest on suspended particles. Rigorous
surface complexation and speciation modeling is beyond the scope of this work. We have carefully
reviewed our revised manuscript and removed any ambiguous words related to Hg speciation.

2) According to the authors, sulfhydryl is the main surface binding group for Hg. Therefore, S—group
concentration in dissolved and suspended river water fractions should be assessed.

Response: We made this statement more genera to include both sulfhydryl and other functional
groups in the revised manuscript. We also cited many references showing the strong binding between Hg
and sulfhydryl functional groups and a reference on determining sulfhydryl functional groups on NOM.



3) Correlation between Hg and sulfide in the RSM is not tested quantitatively. The importance of
sulfhydryl binding is thus difficult to assess.

Response: See above responses.

4) If, according to the authors, the NOM -coated Fe-oxyhydroxide minerals provide a sink for Hg via
formation of Hg -sulfhydryl complexes, then the existence of such S-groups within the NOM should be
demonstrated spectroscopically and their concentration should be measured via conventional
techniques.

Response: Again see above responses. We also point out that the existence of S-groups within NOM
has been demonstrated spectroscopically in many previous studies (Gu et al., 2011; Nagy et al., 2011;
Skyllberg et a., 2006) and al so in recent studies using fluorescent labeling techniques (Joe-Wong et al.,
2012; Rao et al., 2014). These references are cited in the revised manuscript.

Specific comments

p.7522, L 12: localized sorption cannot be a sink for Hg in rivers; rather, RSM is an important carrier of
Hg in the riverwater providing Hg transport from the land to the ocean. The sink would be in sediments;
the RSM is a carrier agent.

Response: We agree and changed this sentence accordingly. Our intent was to say that suspended
particles have alarge capacity to sorb Hg, leaving a small portion of Hg in the solution phase.

p.7523, L25 - 30: Hg association with POM and Al, Fe oxyhydroxide in lakes and rivers cannot be a
hypothesis — this is a well —known fact. A hypothesis which is later discussed in the text is Hg main
binding to sulfhydryl groups of OM coating oxy(hydr)oxide, yet this has to be better demonstrated. The
link to phytoplankton uptake and localization is unclear.

Response: We revised this statement. Please also see above responses.

p. 7524, L 20 - 23: It is awkward to present the most important quantitative result in the Introduction.
The Introduction still gives the impression of research having mainly local interest presenting project
report on highly contaminated sites. How efficient would be the extrapolation of obtained results to
other river systems?

Response: These sentences were removed in the revised manuscript. As stated in the introduction,
particle-bound Hg comprises up to 90% of the total Hg in water. Thus there is no doubt that our results
could have important implications to other river systems.

p. 7525, Materials and Methods. The authors present original approach to characterize different size
fraction of RSM using 0.2 and 3.0 um filters. However, the methodological aspects should be better
elaborated: the choice of these specific filters should be justified. There are other useful commercial
filters of 5, 8, 10, 20 um...

Response: Justifications are provided in the revised manuscript. The size fraction between 0.2 and 3
um consisted of mostly mineral particles, and diatoms existed mostly in the size fraction >3 um (along



with some large mineral particles or aggregates). We a so note that this study was not intended to do a
detailed characterization of different size fractions of the particles.

p.7526, L 9: “of 617 ug g-1, which is XX times higher than the non - contaminated sample”

Response: Corrections were made accordingly.

p. 7526, L 18 - 25: The depth of X-ray probe should be provided. This is important to assess the minimal
detectable concentration.

Response: The X-ray penetration depth was considerably greater than the sampl e thickness (>>100
um).

L 27-29: Is it possible to provide a table with a detection range?

Response: Table 1 shows the average concentration of each element. The ranges of detection limits
of this technique are now provided in the revised manuscript.

p. 7527, L1 - 13: What is the detection limit by this method? At which lowest concentration the elements
are still detectable?

Response: See above. Under given operating conditions, the estimated detection limits are about 10
ug/cm? for Hg, ~ 3x10™ to 2x10°® ug/cm? for Mn, Fe, Ni, and Zn, and ~ 2 ug/cm? for Si, P, and Cl. In the
revised manuscript, we cited additional references (Ortegaet al., 2004; Twining et al., 2003) and pointed
out that the detection limit of this technique depends on 1) incident energy used to probe the sample, 2)
the atomic number of the element of interest (the heavier element gives lower LOD), and 3) the sample
matrix (Ortegaet a., 2004; Twining et al., 2003).

p. 7528, L7 - 10: It will be useful to present the results of ICP MS analysis of these elements, at least in the
Appendix.

Response: These data were presented as a bar graph in Figure 1c. It would be redundant to provide
these data again in the Appendix.

p. 7529. The association of Hg with biomass rather than with Si frustule is consistent with results on
other metals: For example, in case of Zn, not more than 10% of surface - bound metal is associated with
diatom frustules, and the rest is in within the organic matrix of the cell wall (Gelabert et al., 2007, GCA).
This is especially important in view of co-localization of Hg and Zn, observed in this study.

The data provided in Table 1 are based on XRF technique. It is worth giving there the average values with
uncertainty and compare these results with ICP-MS data, but also with world average RSM composition
(Viers et al., STOTEN, 2009, doi: 10.1016/].scitotenv.2008.09.053). What is the typical Hg concentration
in other rivers RSM?

Response: Thisisagreat suggestion, and we modified this part of the discussion and added the
following statement: “This result is similar to the adsorption of such metal ions as Zn®*, which is
predominately sorbed onto diatom membranes, rather than on Si frustule (Gelabert et a., 2007). This
result also explains the co-localization of Hg and Zn since both of them are soft metals.”



However, we note that we cannot directly compare our XRF results (Table 1) with those determined
by ICP-MSin literature. Thisisbecause |ICP-MS gives the bulk concentration in ug/g solids, whereas
X RF measures the “localized” concentration within a given surface area (in ug/cm?). As our results
demonstrate, mercury is heterogeneoudly distributed among phytoplankton (e.g., diatoms) and mineral
particles, and the concentration varies widely among these particles.

p. 7529, L 16: Total Hg shown in Fig. 1d does not necessarily imply “inorganic only”.

Response: We determined MeHg (one of the major known organo-mercuric compounds), which
comprised < 0.01% of thetotal Hg. Previous studies also showed that nearly 100% of the Hg in EFPC
water isin the form of inorganic Hg(I1) (Brooks and Southworth, 2011).

L20 -23: What are the “mineral particulates” noted by the authors — sulfides, oxides, carbonates?
Presumably these are not silicates...

Response: Revised; here iron oxides may be the major component.

p. 7530, L 4: Are these oxy(hydr)oxides located in the RSM or in the colloidal fraction?

Response: We clarified this sentence in the revised manuscript as “ Strong association between NOM
and naturally-occurring Fe- or Mn-oxyhydroxides is commonly observed in water”.

p. 7530, L 25: Do the authors detect S- bands using the spectroscopic techniques?

Response: Yes, the cited references by Skyllberg et al. 2006 and Nagy et al. 2011 (and many others)
detected S-bandsin NOM using spectroscopic techniques, as stated earlier. We did not perform these
analysesin this study because the technique requires arelatively high NOM concentration.

p. 7530, L 23- 27: The statements given here are highly hypothetical and not really proven by the data
available in this study

Response: Please also see our response to the general comments. We revised and clarified this part of
the discussion. We disagree that these statements are purely hypothetical. They are based on the fact (with
many references cited in text) that NOM strongly sorb onto Fe and Al oxide surfaces via carboxyl or
hydroxyl functional groups, whereas Hg(l1) can form strong complexes with NOM via sulfhydryl or other
functional groups. Therefore, NOM can act as a bridging agent between Hg and iron oxides, and our data
(FTIR and elemental mapping) support this argument.

p. 7531, L 1 - 5: This text is repetitive to what is stated above. The Surface Complexation Approach is
necessary.

Response: We revised and clarified this part of the discussion. Please also see our responses above
regarding surface complexation and speciation.

Conclusions, L 11: We encounter this important information, on the limitation of authors’ technique, only
at the conclusion section. Detection limits should be carefully discussed at the beginning and analysis of
certified samples should be presented.



Surface complexation modeling of Hg binding to various components of the RMS, based on available
literature data should be executed and results compared to what the authors observe.

Response: As suggested, we deleted these sentences and provided the method detection limitsin the
revised manuscript (in Materials and Methods). Please also see our responses above. Again, surface
complexation modeling of Hg binding to various components of the RMS is a significant undertaken and
beyond the scope of thiswork. Our main objective isto demonstrate the ability to use XRF technique to
directly visualize and quantify the spatial localization of Hg on suspended particles.

Figure 1 is invisible in black and white mode.

Response: We re-plotted Figure 1.

Author’s Responses to Referee #3 Comments:

General overview: This paper describes the location of mercury in suspended particles in stream water
downstream of an industrial contaminant source. The Hg is located primarily on the surfaces of diatoms
and adsorbed to organic matter particles, and is particularly associated with iron, manganese, sulphur
and zinc. The authors speculate that this is explained by sorption of Hg onto Fe- and Mn-oxyhydroxide
minerals, and some coating of these complexes to diatom surfaces. Additional FTIR spectra provide
evidence for carboxylic acid and phenolic functional groups, along with polysaccharides, which are likely
to be interacting as bridges between the Hg(ll) particles and the metal oxides. The novelty of this study is
in the high resolution mapping of Hg along with other elements to provide evidence for an important
mechanism that removes Hg from stream water. This case study is well written and provides a useful
discussion of the geochemistry of Hg transport in stream water.

Can the authors apply their findings beyond this local watershed? How many streams and lakes are
polluted with Hg at the level measured in the EFPC study area? Will biological processes be important in
the sorption processes, or is this an abiotic phenomenon?

Response: We thank Reviewer’s comments for improving our manuscript. Y es, the technigue can, in
principle, be applied to any other sites or materials contaminated with Hg, as long as the average Hg
concentration is > 50 ug/g (described in the conclusion, p. 12). However, it is possible to detect or map at
lower Hg concentrations if Hg exists as localized hot spots (for example, if Hg is precipitated as cinnabar
or metacinnabar particles under reducing environments). Thetechnique is especially well suited to map
the localized Hg hot spots, as our work demonstrated. Hg is aglobal problem, and there are too many Hg
contaminated streams and lakes around the globe such as the San Francisco Bay Delta waters (Pickhardt
and Fisher, 2007) (discussed in the manuscript, p. 12). High levels of Hg contamination are also found at
many Hg-mining sites. Both abiotic and biological processes are important for Hg sorption due to strong
binding affinities of Hg to soft bases such as sulfide and thiolates in natural organic matter and biological
materials. Per reviewer’s comment, we modified the introduction (p. 2), and added some perspectives
regarding Hg as a global pollutant.



Detailed comments: In Figure 3, the details of parts a and b should be indicated in the caption. Are both
images made from spiked diatoms? One parenthetical line describes this figure but it needs more
explanation (p. 7528, L 29). The image b looks like it has much more Hg sorbed onto it than image a.
Annotating the images would be a good idea to improve interpretability, especially with reference to
analyses in Table 1, in addition to more explanation in the caption. In Fig. 4, do the parts a, b and c have
anything to do with one another? The caption could use a bit more detail explaining what the images are

of.

Response: Thisisagreat suggestion. Yes, additional details and explanation were provided in the
Figure 3 legend. The individual diatom shown in image (a) apparently seems different from that in image
(b) with respect to size and morphology; they are likely two different species so that it is not unexpected
they may differ in the amount of Hg adsorption due to different surface characteristics (e.g., the type and
relative abundance of surface functional groups). Y es, we annotated the images by circling the particle(s)
used in the determination of Hgin Table 1.

Fig. 4a,b,c were unrelated but used to support the hypothesis that organic matter (carbon) is
associated with iron oxide minerals and acts as a bridge for Hg sorption. We used complementary tools
including (a) X-ray microprobe fluorescence imaging and elemental analysis (e.g., Hg, Fe, etc.), (b)
scanning electron microscope (SEM) backscattering elemental analysis showing the association between
C and Fe, and (c) FTIR infrared spectroscopic analysis of natural organic matter adsorbed on mineral
particles. We made these clarificationsin the Fig. 4 legend.
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