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Abstract

Soil-derived branched glycerol dialkyl glycerol tetraethers (brGDGTs) in marine river fan sediments have a potential use 
for determining changes in the mean annual temperature (MAT) and pH of the river watershed soils. Prior to their incorpo
ration in marine sediments, the compounds are transported to the marine system by rivers. However, emerging evidence sug
gests that the brGDGTs in freshwater systems can be derived from both soil run-off and in situ production. The production of 
brGDGTs in the river system can complicate the interpretation of the brGD G T signal delivered to the marine system. There
fore, we studied the distribution of brGD G T lipids in suspended particulate matter (SPM) of the Yenisei River. Chrom ato
graphic improvements allowed quantification of the recently described hexamethylated brGD G T isomer, characterized by 
having two methyl groups at the 6/ 6' instead of the 5/5' positions, in an environmental dataset for the first time. This novel 
compound was the most abundant brGD G T in SPM from the Yenisei. Its fractional abundance correlated well with that of 
the 6-methyl isomer of the hexamethylated brGD G T that contains one cyclopentane moiety. The Yenisei River watershed is 
characterized by large differences in MAT (>11 °C) as it spans a large latitudinal range (46-73°N), which would be expected to 
be reflected in brGD G T distributions of its soils. However, the brGD G T distributions in its SPM show little variation. F ur
thermore, the reconstructed pH values are high compared to the watershed soil pH. We, therefore, hypothesize that the 
brGDGTs in the Yenisei River SPM are predominantly produced in situ and not primarily derived from erosion of soil. This 
accounts for the absence of a change in the temperature signal, as the river water temperature is more stable. Using a lake 
calibration, the reconstructed temperature values agree with the mean summer temperatures (MST) recorded. The brGDGTs 
delivered to the sea by the Yenisei River during this season are thus not soil-derived, possibly complicating the use of 
brGDGTs in marine sediments for palaeoclimate reconstructions.
©2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) 
are ubiquitous membrane lipids in peat and soils. They are de
rived from bacteria and possess 4-6 methyl substituents 
(‘branches’) on the linear C2s alkyl chains and up to two cyclo- 
pentyl moieties formed by internal cyclization (Fig. 1;
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Fig. 1. Chemical structures o f branched GD GTs ( I—III ) and 
crenarchaeol (IV). The chemical structures o f the penta- and 
hexamethylated brGD GTs with cyclopentyl moiety(ies) Ilb '. Ile'. 
I llb ' and Ule' are tentatively assigned.

Sinninghe Damsté et al., 2000; Weijers et al., 2006a). The dis
tribution of the different brGDGTs depends on the prevailing 
mean annual temperature (MAT) and soil pH (Weijers et al., 
2007). With decreasing temperature, the number of methyl 
groups in the alkyl chains increase and with a higher soil 
pH the prevalence of the cyclopentyl moieties will increase. 
A global soil calibration is thus based on the méthylation of 
branched tetraethers ( MBT) and cyclisation of branched tet
raethers (CBT) ratios (Weijers et al., 2007). This calibration 
was recently extended by Peterse et al. (2012), proposing a 
modified MBT ratio, the MBT'.

Branched GDGTs have also been found in coastal m ar
ine sediments, where they are likely deposited by rivers,

after erosion and transport of soil particles (Hopmans 
et al., 2004). The amounts of soil-derived bacterial 
brGDGTs and the marine Thaumarchaeotal isoprenoid 
GDGT (iGDGT) crenarchaeol (Sinninghe Damsté et al., 
200 2 ) can be expressed in the branched isoprenoid tetrae- 
ther (BIT) index, which has been used to estimate the 
am ount of soil-derived material in aquatic environments 
(Hopmans et al., 2004). Furthermore, the distribution of 
soil-derived brGDGTs in river fan sediments can be used 
to reconstruct the continental MAT and soil pH of the wa
tershed of the river and this principle has been successfully 
used for palaeoclimate reconstructions (Weijers et al., 
2007). However, complications can arise if the watershed 
is affected by changes in the supply of organic m atter and 
the source area of the sediments (Bendle et al., 2010). Fur
thermore, overestimations of MAT have been reported 
(Schouten et al., 2008; Donders et al., 2009). Recently, 
structural isomers that partially co-elute with the brGDGTs 
that are used for these proxy calculations have been de
scribed (De Jonge et al., 2013; Ila, Ila ', Illa , Illa '; Fig. 1). 
The abundance and variability of these isomers in the envi
ronment is currently unknown, as is their impact on MAT 
and pH reconstructions based on CBT/MBT indices.

BrGDGTs also occur ubiquitously in lake sediments 
(e.g. Blaga et al., 2009, 2010) and, since they were thought 
to be derived from erosion of surrounding soils, the sedi
mentary record of the BIT index has been applied as an 
indicator of past variations in the intensity of rainfall in 
an equatorial lake (Verschuren et al., 2009). The CBT/ 
MBT indices of sedimentary brGDGTs have subsequently 
also been applied to a variety of lakes, to reconstruct local 
MAT and pH changes in their watershed (e.g. Tierney 
et al., 2010, 2012; Niemann et al., 2012; Wang et al., 
2012). However, in these studies the CBT/MBT-inferred 
temperatures using soil-based calibrations often consider
ably underestimated MAT. The discrepancy between soil 
and lake brG D G T distributions points to potential in situ 
production of brGDGTs in lakes (Tierney and Russell, 
2009; Sinninghe Damsté et al., 2009; Loomis et al., 2011). 
Since the prevailing lake temperature still controls the dis
tributions of the brGDGTs in the surface sediments of 
the lakes this has led to alternative (aquatic) calibrations 
being created (Tierney et al., 2010; Pearson et al., 2011; 
Sun et al., 2011; Loomis et al., 2012).

Although rivers are the main pathway for the transport 
of brGDGTs to ocean sediments, there is a remarkable lack 
of studies that assess the potential effect of in situ produc
tion in rivers. The occurrence of branched GDGTs and 
crenarchaeol has been reported in suspended particulate 
material (SPM) from the European Rivers Rhine, Meuse, 
Niers, and Berkel (Herfort et al., 2006) as well as in the 
Têt and Rhone Rivers in France (Kim et al., 2007). 
BrGDGTs have also been shown to occur in three East- 
Siberian Rivers, the Lena, Indigirka and Kolyma Rivers 
(van Dongen et al., 2008). A small set of sediments from 
a tropical river system (Tierney and Russell, 2009), showed 
an offset between the prevailing soil and river CBT/MBT 
values. Kim et al. (2012) compared the brGD G T distribu
tions in the Amazon River SPM and sediments and soils 
from the Amazon watershed and concluded that aquatic
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in situ production contributed to the riverine brGDGT 
pool. Zeii et al. (2013) also described a different brGDGT 
distribution in soil and river brGDGTs in the Amazon Riv
er basin, characterized by a higher abundance of brGDGT 
la  in soils. Furthermore, they investigated the intact polar 
lipid (IPL) precursors of brGDGTs. In living or recently 
living cells brGDGTs are present as IPLs which, after cell 
death, are relatively quickly degraded into core lipids 
(CL) (White et al., 1979) that are the compounds used in 
the CBT/MBT proxies. Both the presence of IPLs with a la
bile phosphatidyl headgroup and the similar distribution of 
the IPL-derived core lipids and the core lipids present in the 
SPM indicated riverine in situ production of brGDGTs.

In this study we examine for the first time the distribu
tion of brGDGTs and crenarchaeol in the Yenisei River, 
the world’s sixth largest river in terms of discharge that 
crosses Mongolia and Siberian Russia in a south to north 
direction. The large latitudinal range of the river 
(5500 km) allows us to evaluate changes in SPM brGDGT 
compositions that possibly derive from soil input from a 
watershed that crosses several climatic zones and vegetation 
types, i.e. the arid Mongolian steppe, the vast Russian bor
eal forest (Taiga and Tundra) and the Arctic. We sampled 
upstream tributaries and the main stream before and after 
m ajor tributaries enter. The CBT/MBT'-derived pH and 
temperatures of the SPM are compared with soil pH and 
with the climate gradients present on the Eurasian conti
nent. The amounts and distribution of IPL-derived CL 
are also evaluated. In addition, the environmental abun
dance of recently described hexamethylated isomers was as
sessed for the first time.

2. STUDY AREA

The Yenisei is the largest river in Russia and one of the 
largest rivers in Asia (Fig. 2A). The topographical proper
ties are described in Degens et al. (1991). The river starts 
in Northern Mongolia and flows through the Central Sibe
rian Plateau into the K ara Sea and the Arctic Ocean. Two 
large man-made lakes, the Krasnoyarsk reservoir and Say- 
ano-Shushenskaya reservoir are situated in the upper 
reaches of the Yenisei. The river here has a high flow speed, 
a small riverbed width and little sedimentation. Further 
north, its most important tributary (25% of flow), the Ang
ara River, joins the Yenisei. Angara River drains Lake Bai
kal, a large freshwater lake that is fed dominantly ( 50% of 
flow) by the Selenga River that drains large parts of M on
golia. The second important tributary for the Yenisei River 
is the Lower Tunguska (20% of flow). In the lower reaches 
of the river the Yenisei River flow becomes smooth, the riv
erbed width reaching several kilometers.

The mean annual discharge is estimated at 19,800 m 3/s. 
In this respect, the Yenisei takes ninth place among rivers 
worldwide (Telang et al., 1991). Dissolved organic carbon 
(DOC) is by far the dominant (>90%) form of organic car
bon transported to the Arctic Ocean by the Yenisei (Lobbes 
et al., 2000). The Yenisei River is characterized by a pro
nounced discharge peak in June and relatively low water 
flow between September and April, with more than 30% 
of the annual discharge occurring in June (Stedmon et al.,

2011; Fig. 2B). The annual discharge consists of 50% snow- 
melt, 35% rain water and approximately 15% groundwater 
(Pavlov and Pfirman, 1995).

The Yenisei River water catchment area equals 
2.6 X IO6 km2. It extends for 5500 km in a south-north 
direction, covering different climate zones and biomes. Cli
mate data, based on 13 Russian and 4 Mongolian weather 
stations that report daily temperature data, are summarized 
in Table 1. The climate is continental, with large seasonal 
temperature differences and a low mean annual temperature 
(MAT) over most of the territory. In the southernmost 
area, the MAT goes down to —6 °C, because of the high 
altitude. This increases slightly as the altitude effect de
creases (Krasnoyarsk, MAT =  0.9 °C). Further north, the 
MAT decreases steadily, with a MAT of —11.4 °C in the 
most northern areas. Summer temperatures ( June-Septem- 
ber) decrease steadily from 15.4 °C in Mongolia to 2.9 °C in 
the north. Precipitation varies from >1000 mm yr_1 in the 
Sayan and Pytorana mountains and 300-600 mm yr_1 on 
the middle Siberian Plateau.

3. MATERIAL AND METHODS

3.1. Collection of SPM samples

Table 2 lists the river SPM samples investigated in this 
study and the sampling stations are shown in Fig. 2A. Sur
face water (<2 m depth) of the river (5-150 L) was collected 
and filtered (G F /F  glass fiber filters, 0.7 pm pore size) at 12 
locations distributed throughout Siberia. In August-Sep- 
tember 2009, SPM from the Yenisei River water was col
lected with an in situ pump (McLane Large Volume 
W ater Transfer System Sampler) employed from the R/V 
Sovetskaya Arktika, at 9 stations distributed along the 
Yenisei River. In 2010, three more SPM samples were ob
tained in tributaries of the Angara and in the Selenga River. 
Surface water was collected in canisters after wading several 
meters into the river and filtered using the same filters, a 
peristaltic pump and a titanium tripod system. Care was ta 
ken to sample flowing water in the river, avoiding zones 
with stagnant water. The water temperature (n — 9) and 
pH (n — 3) were measured immediately after collecting the 
water.

3.2. Lipid extraction and GDGT analyses

The freeze-dried filters were extracted using a modified 
Bligh and Dyer method as described by Pitcher et al. 
(2009). The filters were ultrasonically extracted three times 
for 10 min using a single-phase solvent mixture of MeOH/ 
DCM /phosphate buffer 10:5:4 (v/v/v). The extract was sep
arated into a core lipid (CL) and intact polar lipid (IPL) 
fraction over a small silica column, using a procedure m od
ified from Pitcher et al. (2009), using hexane/ethyl acetate 
1:1, v/v as eluent. An aliquot of the IPL fraction was ana
lyzed directly for CL to check for potential carry-over into 
the IPL fraction. In order to analyze the IPL as CL, the ex
tract was refluxed for a minimum of 2 h in 1.5 N  HC1 in 
MeOH. The am ount of CL in this IPL-derived fraction 
was corrected for the amount of CL brGDGTs carried-
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Fig. 2. (A) The Yenisei River and its catchment (indicated in dark yellow), located in Russian Siberia and Mongolia. Sampling stations 
(Table 2; Sei. M 1-M 2. Y1-Y9) are indicated with red dots, weather stations (Table 1; W1-W17) are indicated with green dots, soils included 
in the pH database (Table 3; S1-S26) are indicated with black dots. (B) Discharge regime of the Yenisei River. M onths o f sampling are 
indicated in orange.

Table 1
W eather stations; weather station code, coordinates and elevation. Climate data from the period 1963-2012 from the online NOAA database; 
Mean Annual Temperature (MAT). M ean Summer Temperature (MST). averaged from June to September.

W eather station Latitude (°N) Longitude (°E) Elevation (m) MAT (°C) MST (°C)

W1 Bayanhongor 46° 07'48" 100° 40' 48" 1859 0.0 15.4
W2 Ulaanbatar 47° 55' 12" 106° 52' 12" 1306 -1 .6 15.4
W3 Tosontsengel 48° 43' 48" 98° 12' 00" 1723 -6 .1 12.7
W4 Hatgal 50° 25' 48" 100° 09' 00" 1668 -4 .6 10.6
W5 Irkutsk 52° 16' 12" 104° 21' 00" 498 -0 .2 14.3
W6 Minusinsk 53° 43' 12" 91° 42' 00" 254 0.9 16.1
W7 Zhigalovo 54° 48' 00" 105° 10' 12" 418 -5 .7 12.7
W8 Nizhneudinsk 54° 52' 48" 99° 01' 48" 411 0.7 13.9
W9 Krasnojarsk 56° 01' 48" 92° 45' 00" 276 0.9 14.8
W10 Kirensk 57° 46' 12" 108° 04' 12" 259 -3 .9 13.9
W ll Vanavara 60° 19' 48" 102° 16' 12" 260 -5 .7 12.7
W12 Erbogacen 61° 16' 12" 108° 01' 12" 291 -6 .7 12.6
W13 Bor 61° 36' 00" 90° 01' 12" 58 -3 .6 13.2
W14 Bajkit 61° 40' 12" 96° 22' 12" 262 -6 .4 12.0
W15 Tura 64° 16' 12" 100° 13' 48" 168 -9 .0 11.7
W16 T uruhansk 65° 46' 48" 87° 55' 48" 38 -6 .4 11.4
W17 Dikson 73° 30' 00" 80° 24' 00" 47 -11 .4 2.9
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Table 2
Overview o f the SPM sample stations in the Yenisei River catchment and their characteristics; sample codes, coordinates and sampling dates. 
The measured pH. surface water temperature and the particulate (>0.7 pm) organic carbon (POC) concentration per L are also given. N.d. 
indicates not determined values.

Station Latitude
(°N)

Longitude
(°E)

Date
sampled

W ater T
(°C)

W ater
PH

POC 
(mg. L

Sei Selenga River 51°43'41.8" 107°27'46.4" 06-07-2010 N.d. 8.4 649
M l Irkut River 51°56'43.2" 100°47'18.2" 11-07-2010 10.8 5.6 12.0
M2 U da River 54°51'22.7" 99°07'13.7" 30-06-2010 16.9 7.7 166
Y1 Y enisei River-Strelka 58°00'21.4" 93°55'48.3" 25-08-2009 12.0 N.d. 2.53
Y2 Y enisei River-Lesosibirsk 58°04'43.9" 92°55'28.2" 29-09-2009 11.0 N.d. 9.09
Y3 Y enisei River-M onastirsky 

Island
61°16'33.6" 90°54'0.18" 27-08-2009 N.d. N.d. 17.1

Y4 Yenisei River-Stony Tunguska 61°28'30.4" 89°19'46.4" 25-09-2009 10.0 N.d. 3.33
Y5 Yenisei River-Kostino 65°11'32.4" 87°34'20.0" 29-08-2009 N.d. N.d. 12.0
Y6 Yenisei River-Lower Tunguska 66°06'11.1" 87°08'24.0" 20-09-2009 9.0 N.d. 39.6
Y7 Yenisei River-Ledianaya M t 66°21'19.1" 86°20'48.3" 31-08-2009 11.2 N.d. 17.7
Y8 Yenisei River-60 km south of 

Dudinka
68°24'27.6" 86°09'36.9" 01-09-2009 11.2 N.d. 6.95

Y9 Yenisei River-Seljanka Cape 69°25'22.9" 84°07'30.5" 03-09-2009 N.d. N.d. 10.8

over. All GDGTs were quantified against a known amount 
of C46 GDGT standard (Huguet et al., 2006) that was 
added to each fraction before filtration through a 0.45 pm 
PTFE filter.

Samples were analyzed using a high performance liquid 
chromatography-mass spectrometry (HPLC-M S) method 
(Schouten et al., 2007). GDGTs were analyzed using an 
Agilent 1100 series/1100 MSD series instrument, with 
auto-injection system and HP-Chemstation software (Agi
lent Technologies). Injection volume was 10 pL. The HPLC 
system was fitted with a Prevail Cyano column 
(150 x 2 .1  mm; 3 pm; Grace Discovery Sciences, USA). 
Separation was achieved at 30 °C with a flow-rate of 
0.2 mL/min and the following gradient profile; 5 min hex
ane/propanol (99:1) with a gradual increase to hexanefiso- 
propanol ( 98:2) after 45 min. The column was cleaned 
(back-flushing) for 10 min with hexanefisopropanol 
(90:10). Detection was achieved in selected ion monitoring 
mode (SIM; Schouten et al., 2007) using m /z  744 for the 
internal standard, m /z  1292 for crenarchaeol and m /z 
1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020 and 1018 
for branched GDGTs. Agilent Chemstation software was 
used to integrate peak areas in the mass chromatograms 
of the protonated molecule <[M+H]+) (Fig. 3B).

For an improved separation of the different isomers of 
the hexamethylated brGDGTs (De Jonge et al., 2013), a 
second HPLC-M S run was performed on an Agilent 1100 
HPLC set-up, using a Prevail Silica column 
(150 X 2.1 mm; 3 pm; Grace Discovery Sciences, USA) at 
30 °C with a flow rate of 0.2 mL/min. Elution was isocrat- 
ically with hexanefisopropanol (97.8:2.2) for 38 min. The 
column was backflushed for 5 min with hexanefisopropanol 
(90:10). MS analysis was carried out on an Agilent 1100 
MSD, in SIM mode, targeting m /z  1050, 1048, 1046, 
1036, 1034, 1032, 1022, 1020 and 1018 for brGDGTs 
(Fig. 3C). The ratio between respectively Illa  and I lla ', Illb  
and Illb ' and Ule and Ule' was calculated based on the lat
ter analysis. Subsequently, the obtained ratios were used to 
divide the the total amount of co-eluting brGDGTs,

determined with the analysis performed on the cyano col
umn according to Schouten et al. (2007).

Both datasets were integrated according to the NIOZ 
integration protocol (Schouten et al., 2009), where 
brG D G T isomers that are present as ‘shoulders’ are ex
cluded from calculations. Careful evaluation of the chro
matographic runs underlying the Weijers et al. (2007) and 
Pet erse et al. (2012) calibrations showed that for soils the 
resolution on the cyano columns was not sufficient to iden
tify, and thus quantify separately, brGD G T Illa ', although 
analysis on a silica column revealed the presence of often 
abundant brG D G T hexamethylated isomers (Fig. 4). 
Therefore, the soil-derived MBT/MBT' ratio actually used 
the combined relative abundance of brGD G T Illa  and 
Illa '. In contrast, analysis of SPM from a Siberian lake 
and the Selenga river showed that the second isomer in 
aquatic environments can be partly separated on a cyano 
column (Fig 4). Therefore, the aquatic brG D G T calibra
tions (e.g. Pearson et al., 2011) are typically calculated 
using only Illa  but not Illa '. The reason for this difference 
in chromatographic behavior is currently unknown, but is 
perhaps due to the difference in matrix between soil and 
aquatic samples.

3.3. Calculation of GDGT-based ratios and proxies

The relative amounts of the novel hexamethylated iso
mers are expressed as the isomer ratio ( IR):

IR iilx =  IILï'/(IILï +  IILï'), where x =  a, b, or c.

The BIT index was calculated according to Hopmans et al. 
(2004):

BIT index =  (la +  Ila  +  IIIa)/(Ia +  Ila  +  Illa  +  IV).
The roman numerals refer to the GDGTs indicated in 

Fig. 1. Ia, Ila, and Illa  are brGDGTs and IV is the isopren
oid GDGT (iGDGT) crenarchaeol (specific GDGT for 
Thaumarchaeota; Sinninghe Damsté et al., 2000). The 
CBT and MBT' indices (Peterse et al., 2012) were calculated 
as follows:
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CBT =  — log((Ib +  IIb )/(Ia  +  Ila)) 

and

MBT' =  (la +  Ib +  le)/( la  +  Ib +  le +  Ila  +  Ilb +  Ile 

+  I lla  +  Illa ').

The MBT' was calculated using both brGD G T Illa  and 
Illa ', as the area of the peak of brG D G T Illa  as integrated 
by Peterse et al. (2012) represents the combined peak area 
of brGD G T Illa  and Illa '.

For the calculation of pH and mean annual temperature 
(MAT), the global soil calibration of Peterse et al., 2012 
was used (RSME denotes residual standard mean error):

pH =  7.9 -  1.97 * CBT(RSME =  0.8)

and.

M A T fC )  =  0.81 - 5 .6 7 *  C B T +  31.0* M B T '(R SM E  =  5.7 °C)

The mean summer temperature (MST) was calculated using 
a lake calibration (Pearson et al., 2011):

MST(°C) =  20.9 +  98.1 * [Ib] -  12 * [Ila] -  20.5 * [Illa] 
x (RSME =  2.4 °C)

The square brackets in this formula indicate that the value 
is relative to the sum of the brGDGTs 
(la +  Ila +  Illa  +  Ib +  Ilb  +  I llb  +  le +  Ile +  Ule).

3.4. Environmental parameters and bulk geochemical 
analysis

Soil pH data (Table 3) were obtained from published re
sults (Santruckova et al., 2003), and accessible databases 
(Stolbovoi and Sheremet, 2002). The pH measurements re
ported in the Russian soil database were performed in a 1:5 
soil/water mix, which results in pH values 0.1-0.5 units 
higher than those obtained from 1:2.5 soil/water ratios 
(Stolbovoi and Sheremet, 2002). We corrected for this offset 
by subtracting 0.5 pH units from the values provided. The 
particulate organic carbon (POC) content of river SPM 
samples on the filter was measured using a Flash 2000 O r
ganic Elemental Analyzer.
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and the brGDGTs la, Ila, Illa and Illa' and (B) Base peak chromatogram and separate mass traces of the brGDGTs discussed in the text, 
after separation on a Prevail cyano (CN) column. (C) Base peak chromatogram and separate mass traces of the brGDGTs discussed in the 
text, after separation on a Prevail silica (Si) column. Note that the hexamethylated brGDGT isomers can be quantified using this method. 
Furthermore, the pentamethylated brGDGTs show a broader peak compared to the tetramethylated compounds, indicating the presence of a 
co-eluting compound.
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3.5. Numerical analysis 4.3. Distribution of brGDGTs

The principal component analysis based on the correla
tion matrix was performed using the R  software package 
for statistical computing. We performed an unconstrained 
Q-mode PCA on the standardized relative brGD G T values, 
excluding the relative am ount of brGD G T Ule and Ule', as 
the low abundance of these compounds did not allow quan
tification in several samples. The brGD G T scores are calcu
lated proportional to the eigenvalues, and the site scores are 
calculated as the weighted sums of the species scores. The 
linear correlation coefficient between the IR m a' and IRmb' 
was calculated and the regression line plotted using the R 
software package for statistical computing.

4. RESULTS

4.1. Measured water parameters

Table 2 shows that the Yenisei River water temperature 
varied between 9.0 and 12 °C, with similar values for the 
mountainous Irkut River ( 10.8 °C) and higher values for 
the southern Selenga River (16.9 °C). The pH was measured 
only in three Yenisei tributaries and varied between 5.6 and
8.4.

4.2. Abundance of crenarchaeol and brGDGTs

In the CL fraction of Yenisei River SPM the concentra
tion of crenarchaeol (0.0-3.1 ng L_1 and 0 .0 -6 .6ngg _1 
POC) was an order of magnitude lower than that of the 
brGDGTs (0.3-69 n g L ^ 1 and 29-470 n g g ^ 1 POC) (Ta
ble 4). The dominance of brGDGTs in the SPM was re
flected in high BIT index values, between 0.92 and 1.00 
(Table 5). Crenarchaeol IPL percentages fluctuated between 
21% and 45% in the river SPM. The IPL percentage of 
brGDGTs was generally lower, ranging from 5% to 20% 
(Table 4). The BIT value of the IPL fraction was up to 
0.44 units lower than the BIT values of the CL fraction 
(Table 5).

CN column ß  Si column

Soil

Lake SPM

River SPM

Ila & n ia ’

27 29

. Ula & Illa’
nia ina’

32 34

■\ffla & IHa’ ina’
IR =0.85

retention time (min) retention time (min)

Fig. 4. The SIM chromatograms of the m l:  1050 o f a soil (USA- 
CA2 from Peterse et al.. 2012). lake SPM (Siberian “IL-C hir lake. 
51°N 96.166. 100°E 95.583) and river SPM (Set); (A) contrasting 
the elution characteristics on a cyano column (Weijers et al.. 
2006a.b and Peterse et al.. 2012) and (B) showing the similar IRma- 
after elution on a silica column.

The relative abundances of individual brGDGTs in the 
CL and IPL fractions are given in Table 6 . Fig. 3A illus
trates a typical distribution of brGDGTs in the Yenisei 
SPM. BrGDGT CL distributions were dominated by 
brGDGTs without cyclopentane moieties. In the CL frac
tions of the river SPM, the recently described hexamethylat
ed brG D G T Illa ' (De Jonge et al., 2013) was the most 
abundant brGD G T in 6 out of 13 river SPM samples and 
second or third in abundance in the others (Table 6 ). In 
the IPL fraction, the brGD G T Illa ' was the most abundant 
in 9 out of 13 samples. In the remaining samples, brGD GT 
Ila  was the most abundant brGDGT. Application of a sil
ica column for the separation of GDGTs (De Jonge et al., 
2013 ) resulted in an improved separation of the hexamethy
lated brGD G T isomers (Fig. 3C). It is important to note 
that the pentamethylated brG D G T (Ila) has been shown 
to consist of two co-eluting isomers in a Siberian soil (De 
Jonge et al., 2013). Although the resolution was not good 
enough for separate quantification on the silica column 
(Fig. 3C), we observed a broad peak compared to the 
tetramethylated brG D G T and some separation, indicating 
the presence of a mixture of the two pentamethylated 
brG D G T isomers (Ila and Ila') in Yenisei SPM.

The G D GT ratios were calculated according to Peterse 
et al. (201 2 ), taking into account that for this calibration 
study the hexamethylated brGDGTs were not separated 
(see Section 3). The MBT' value of both the CL and IPL 
fraction varied between 0.09 and 0.16. CBT values of the 
river SPM varied between 0.48 and 0.88 for the CL fraction 
and between 0.47 and 0.89 for the IPL fraction (Table 5).

5. DISCUSSION

5.1. The brGDGT distribution in Yenisei River SPM

The presence of an abundant partially co-eluting peak 
with brGD G T Illa  has been reported in Siberian Pleisto
cene loess-paleosol sequences by Zech et al. (2012). A sec
ond peak was also observed in a Siberian peat, collected 
in a lake floodplain, where the hexamethylated brGDGTs 
were shown to consist of four structurally distinct isomers 
(De Jonge et al., 2013). The first eluting peak contains the 
compound brG D G T Illa  as described by Weijers et al. 
(2006a), with two 5,13,16-trimethyloctacosane moieties 
and an asymmetrical molecule containing a 13,16-dimethyl 
octacosane and a 5,13,16,24-tetramethyl octacosane moi
ety. The second eluting peak (brGDGT Illa ') contains 
two hexamethylated compounds, a brGD G T that possesses 
two 6,13,16-trimethyloctacosane moieties and an asymmet
rical isomer containing a 13,16-dimethyl octacosane and a 
6,13,16,23-tetramethyl octacosane moiety (De Jonge et al., 
2013).

An improved chromatographic separation allowed us to 
quantify the brGDGTs I lla ' in an environmental sampleset 
for the first time. The relative abundance of brGD G T Illa ' 
in the SPM of the Yenisei is 22-51% of total of brGDGTs. 
Furthermore, the hexamethylated brGDGTs containing 
one and two cyclopentane moieties were also revealed as
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Table 3
Descriptions and locations o f soils samples used for describing the pH o f the watershed soils.

Soil type Latitude (°N) Longitude (°E) Soifwater ratio PH Source b

SI Cropland 51° 24' 107° 00' 1:5 6.4a 1
S2 Bog 52° 00' 110° 00' 1:5 6.5a 1
S3 Cropland 52° 00' 106° 25' 1:5 6.1a 1
S4 Forest 52° 00' 106° 24' 1:5 5.7a 1
S5 Cropland 55° 18' 109° 00' 1:5 6.3a 1
S6 Forest 55° 18' 109° 00' 1:5 6.7a 1
S7 Forest 55° 18' 108° 00' 1:5 4.5a 1
S8 Cropland

Öo OO05 1:5 6.7a 1
S9 Forest

Öo

99°24' 1:5 4.2a 1
SIO Meadow 55° 11' 92° 18' 1:5 6.2a 1
S ll Cropland 55° 18' 95° 00' 1:5 6.8a 1
S12 Meadow 55° 18' 95° 00' 1:5 6.8a 1
S13 Bog 55° 29' 109° 32' 1:5 3.0a 1
S14 Meadow 56° 00' 92° 18' 1:5 6.4a 1
S15 Forest 56° 40' 108° 00' 1:5 6.4a 1
S16 Pine Forest 56° 24' 93° 00' 1:2 5.1 2
S17 Forest 56° 27' 91° 18' 1:5 4.6a 1
S18 Pine Forest 59° 24' 90° 00' 1:2 4.2 2
S19 Pine Forest 60 ° 30' 89° 00' 1:2 4.1 2
S20 Mixed Taiga 62° 30' 89° 00' 1:2 4.3 2
S21 Forest 64° 00' 92° 00' 1:5 5.7a 1
S22 Mixed Taiga 64° 18' 87° 30' 1:2 4.0 2
S23 Forest 67° 00' 90° 00' 1:5 4.0a 1
S24 Mixed Taiga 68° 05' 86° 42' 1:2 3.6 2
S25 T undra 68° 05' 86° 42' 1:2 3.1 2
S26 Forest 70° 00' 84° 00' 1:5 4.8a 1

a Depending on the soihwater ratio used, the pH  has been corrected with —0.5 units.
b Source of pH  data: 1 =  soils from the online database composed by Stolbovoi and McCallum (2002) and 2 =  the soils described in 

Santruckova et al. (2003).

two peaks (Fig. 3B). These isomers are found in varying 
amounts (0.5-2.7% and 0.0-0.4% of total brGDGTs). A 
cross-plot of the IR m a' vs. IRmty reveals a significant corre
lation (Fig. 5; p-value < 0.05). Although the IR m c' values 
plot closely to the IRmb' values, the dataset is too small 
to observe a significant correlation with IR nia'. Because 
of this and the similar elution characteristics, we postulate 
that the hexamethylated brGDGTs with cyclopentyl moie
ties (Illb  and Ule) also have later eluting isomers (Illb ' and 
Ule' ) that are characterized by methyl groups at the a6 and 
co6 position of the alkyl chains and are probably derived 
from the same biological source as Illa '.

To investigate the general relationships between the 
branched GDGTs after quantification of all hexamethylat
ed isomers using our improved chromatographic separa
tion, we performed a principal component analysis (PCA) 
on the standardized relative abundances of the river SPM 
brGDGTs. The relative amounts of brGDGTs Ule and 
Ule' have not been included, as they are present below 
the limit of quantification in the majority of the samples. 
The first three principal components represent 36%, 21% 
and 14% of the total variance, respectively (Fig. 6A and 
B). The scores provide us with a summary of the relation
ship between the stations and the variables (Fig. 6C and D).

The first principal component reflects the strong correla
tion between the relative abundance of the novel brGDGT 
isomers I lla ' and Illb ' (Fig. 6A) and illustrates their nega
tive correlation with the relative abundance of brGD G T

Illa . SPM from the mountainous source area (M l and 
M2) scores negatively on the first principal component 
(Fig. 6C), in line with the relatively low abundance of the 
novel brGD G T isomers Illa ', I llb ' and also brGD G T Ilb 
(Fig. 6C) and high relative abundance of Illa  (Table 6 ). 
SPM collected from the main stream of the Yenisei River 
(Y2-Y7) scores higher on principal component 1 
( Fig. 6C) and contains higher relative abundances of Illa ' 
and Illb ' (Table 6 ).

The pH and MAT were previously shown to explain 
most of the variation within the brGD G T distributions in 
soils globally (Weijers et al., 2007; Peterse et al., 2012). 
Also, earlier studies on the distribution of brGDGTs in 
freshwater environments have shown that mostly MAT/ 
MST, but also pH to a varying degree, explain part of 
the variation in freshwater brGDGTs (Tierney et al., 
2010; Pearson et al., 2011; Zhu et al., 2011). Our environ
mental dataset is incomplete and based on point-measure- 
ments, so it is impossible to assess to what extent the 
variation we observe is explained by pH and water temper
ature. However, the scores of the various brGDGTs on 
PC2 and PC3 seem to reflect their dependency on MAT 
and pH as described in the soil and lake calibrations stud
ies. Weijers et al. (2007) and Peterse et al. (2010, 2012) have 
described an increase in cyclization of brGDGTs as a re
sponse to pH. This seems to be captured by the second prin
cipal component, where brGDGTs Ib, Ilb  and Illb , all 
with one cyclopentane moiety, score high on the second
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Table 4
The amounts o f crenarchaeol and the total amount o f brGD GTs expressed per L filtered (in ng L_1) or expressed per amount o f particulate 
OC (in ng g POC-1 ). The amount o f the IPL fraction is expressed relative to the total amount o f CL and IPL (%). N.d. is not detected.

Station Crenarchaeol
(n g L -1)

S  brGD GT
(n g L -1)

Crenarchaeol 
(ng g POC-1)

S  brGD GT
(ng g POC-1)

Crenarchaeol IPL 
(%)

S  brG D G T IPL
(%)

Sei 3.1 69 4.7 110 41 5
M l 0.013 3.0 1.1 250 40 9
M2 0.057 4.8 0.34 29 45 12
Y1 0.017 0.63 6.6 250 26 10
Y2 0.025 4.3 2.7 470 34 10
Y3 0.060 5.3 3.5 310 21 9
Y4 N.d. 0.25 N.d. 75 N.d. 20
Y5 0.033 4.4 2.7 360 31 8
Y6 0.14 16 3.5 400 34 13
Y7 N.d. 4.3 N.d. 240 N.d. 11
Y8 0.014 1.7 1.9 240 23 7
Y9 0.041 1.7 1.3 160 22 6

principal component, as does the brG D G T le with two 
cyclopentane moieties. Especially the Selenga River SPM 
(Sei) scores high on this component, which is possibly re
lated to differences in its watershed soil or water chemistry 
(Fig. 6D). The pH of the water sample at this station was 
indeed much higher than at other stations (Table 2), 
although there is only a single measurement. A high relative 
abundance of tetramethylated brGDGTs has been shown 
to be positively correlated to the MAT for a global soil 
dataset (Weijers et al., 2007; Peterse et al., 2012). This seems 
to be captured on the third principal component, where the 
tetramethylated brGDGTs la  and le  have a high positive 
loading while most hexamethylated brGDGTs and pentam
ethylated brGD G T Ile have negative loadings (Fig. 6C). 
Consistent with this hypothesis, the high mountainous sta
tion M l plots separately on this component, indicating a 
cold signal (Fig. 6D). The IPL fractions typically score 
more negative than the corresponding CL fraction, consis
tent with the often lower relative abundance of brGD G T la 
and le in the IPL fraction (Table 5). We hypothesize that 
the offset in the living or recently living material is caused 
by the colder temperature in September compared to 
July/August for the Yenisei samples. The SPM collected 
at site Sei may carry a warmer CL signal from the down
stream Mongolian steppe.

5.2. Sources of brGDGTs in the Yenisei River

Analysis of the river SPM shows the presence of the full 
suite of brGDGTs in the river SPM, in both the core lipid 
(CL) and intact polar lipid (IPL) fractions. Their presence 
fits with the hypothesis that transport of brGDGTs by riv
ers is a mechanism for the delivery of these lipids to coastal 
marine sediments (Hopmans et al., 2004). The BIT indices 
of the CL fraction of the riverine SPM ranged from 0.94 
to 0.99 (Table 5), at least as high as BIT-values encountered 
in global soils (Hopmans et al., 2004; Weijers et al., 2006b; 
Schouten et al., 2013). The BIT-index reported here is com
parable to the values encountered in the Amazon River 
SPM (Kim et al., 2012; Zeii et al., 2013) and Yangtze River 
sediments, China (Zhu et al., 2011; Yang et al., 2013) and

higher than values reported for SPM from the Têt and 
Rhone River, France (Kim et al., 2007) and the Rhine 
and Meuse, N-Europe (Herfort et al., 2006). However, 
when comparing BIT values, it is important to keep in mind 
that absolute values may vary between labs (Schouten et al., 
2009).

BrGDGTs in aquatic systems can be derived from two 
major sources. First, they are eroded from watershed soils 
and transported with run-off (Weijers et al., 2007). Sec
ondly, brGDGTs are produced by micro-organisms living 
within fresh and marine water systems (Tierney and Rus
sell, 2009; Peterse et al., 2009). The resulting distribution 
will thus often be a mixture of both sources, complicating 
the interpretation of MBT/CBT proxies. Previous studies 
on the brGD G T distributions have recognized systems that 
are dominated by soil input (Niemann et al., 2012), by in 
situ production (e.g. Tierney et al., 2012) or by a mixture 
of these end members (e.g. Zeii et al., 2013 ). For the Yenisei 
River, distributions dominated by soil-input would be ex
pected to reflect the low pH of the catchment soils (Table 3) 
and the strong temperature gradient imposed on the soils 
(Table 1). On the other hand, brGDGTs produced in situ 
in the river water should reflect its characteristics: the ab 
sence of a strong temperature gradient and a stable pH of 
ca. 7.

The PC A analysis revealed that variations in the 
brG D G T distributions may partly be explained by changes 
in pH and temperature as has been reported before for 
other environmental datasets. Therefore, it is a logical ap 
proach to calculate pH and temperature from the brGD GT 
composition to shed light on their origin. We have recon
structed variations in MAT and pH using both soil (Peterse 
et al., 2012) and lake calibrations (Pearson et al., 2011). A 
complication in this respect is the relatively high abundance 
of 6-methyl isomers of the hexamethylated brGDGTs in 
Yenisei SPM (Table 6 ), since the presence of these compo
nents was unknown at the time of these calibrations. Since 
all published studies on soil calibrations used LC separation 
methods that did not separate these isomers ( see Section 3), 
we used the summed relative abundance of the 5- and 6- 
methyl isomers in these calculations. The lake calibration
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Table 5
Overview o f BIT. CBT. MBT. reconstructed pH. reconstructed MAT using the soil calibration (Peterse et al., 2012) and reconstructed MST 
using the lake calibration (Pearson et al.. 2011).

Station Lipid type BIT CBT MBT' Calc pH Calculated MAT (°C) 
Soil calibration

Calculated MST (°C) 
Lake calibration

Sei CL 0.92 0.48 0.16 7.0 2.9 19.6
IPL 0.48 0.47 0.14 7.0 2.5 18.2

M l CL 0.99 0.88 0.10 6.2 -1 .2 10.5
IPL 0.96 0.89 0.13 6.1 -0 .2 11.3

M2 CL 0.98 0.85 0.14 6.2 0.5 12.1
IPL 0.90 0.83 0.15 6.3 0.8 13.4

Y1 CL 0.95 0.67 0.14 6.6 1.5 16.6
IPL 0.83 0.72 0.10 6.5 -0 .1 16.0

Y2 CL 0.99 0.53 0.08 6.8 0.4 14.9
IPL 0.93 0.54 0.09 6.8 0.6 16.2

Y3 CL 0.97 0.67 0.14 6.6 1.4 16.5
IPL 0.93 0.61 0.11 6.7 0.8 15.8

Y4 CL 1.00 0.64 0.13 6.6 1.1 15.6
IPL 1.00 0.57 0.15 6.8 2.2 16.9

Y5 CL 0.98 0.64 0.14 6.6 1.4 16.3
IPL 0.92 0.57 0.12 6.8 1.4 15.9

Y6 CL 0.98 0.59 0.12 6.7 1.1 14.2
IPL 0.93 0.54 0.13 6.8 1.9 17.1

Y7 CL 1.00 0.73 0.13 6.5 0.7 15.1
IPL 1.00 0.72 0.10 6.5 -0 .1 14.5

Y8 CL 0.99 0.75 0.16 6.4 1.5 14.6
IPL 0.94 0.71 0.14 6.5 1.1 15.1

Y9 CL 0.99 0.78 0.16 6.4 1.3 14.2
IPL 0.94 0.73 0.13 6.5 0.8 14.3

Table 6
Overview of the relative abundance o f individual brGD GTs o f the CL and IPL fractions. N.d. is not detected.

Station Lipid type Relative amount per compound (%)

la Ib le I l a 3 Ilb  3 I l e 3 Illa Illa ' Illb Illb ' Ule Ule'

Sei CL 10.3 4.3 0.6 32.0 9.7 0.6 5.8 34.4 0.5 1.6 0.1 0.2
IPL 9.2 3.9 0.5 30.8 9.5 1.6 9.3 32.4 0.9 1.7 N.d. N.d.

M l CL 7.8 1.7 0.2 30.0 3.3 2.8 28.1 25.3 0.4 0.5 N.d. N.d.
IPL 10.5 2.0 0.3 31.4 3.4 0.6 26.5 23.3 0.7 1.3 N.d. N.d.

M2 CL 11.9 2.0 0.3 30.2 4.0 0.5 22.9 27.0 0.5 0.6 N.d. N.d.
IPL 12.3 2.2 0.4 29.5 4.0 1.8 19.1 29.7 0.3 0.7 N.d. N.d.

Y1 CL 10.2 3.0 1.0 27.4 5.1 0.8 10.6 40.5 0.4 0.9 N.d. N.d.
IPL 9.0 2.1 N.d. 25.3 4.4 0.9 7.0 49.8 0.4 1.1 N.d. N.d.

Y2 CL 6.1 1.8 0.2 32.0 9.4 0.3 6.4 41.0 0.4 2.1 0.0 0.3
IPL 6.8 2.2 0.1 22.5 6.2 0.7 7.9 50.6 0.5 2.7 N.d. N.d.

Y3 CL 11.3 2.0 0.4 27.1 6.1 0.4 5.3 44.6 0.2 2.1 0.1 0.3
IPL 8.9 1.8 0.3 25.1 6.5 0.9 6.4 47.4 0.5 2.2 N.d. N.d.

Y4 CL 9.6 2.0 0.8 24.6 5.8 0.5 8.7 45.6 0.4 2.1 N.d. N.d.
IPL 11.7 2.7 N.d. 24.4 6.9 1.1 10.2 39.9 1.0 2.1 N.d. N.d.

Y5 CL 10.7 2.1 0.4 27.2 6.6 0.4 6.2 43.4 0.5 1.9 0.1 0.3
IPL 9.1 2.4 0.5 26.0 7.1 1.4 10.0 41.0 0.8 1.8 N.d. N.d.

Y6 CL 8.8 2.0 0.4 24.4 6.6 0.4 14.0 40.1 0.6 2.2 0.1 0.4
IPL 10.0 2.5 0.4 24.1 7.3 0.9 8.0 43.5 0.5 2.7 N.d. N.d.

Y7 CL 10.4 1.8 0.3 26.8 5.1 0.3 7.9 44.8 0.5 1.7 0.0 0.3
IPL 8.2 1.5 0.2 25.2 4.8 0.4 7.8 49.1 0.6 2.2 N.d. N.d.

Y8 CL 13.0 2.2 0.4 29.6 5.4 0.5 12.9 34.2 0.4 1.4 N.d. N.d.
IPL 10.9 2.6 0.1 28.6 5.0 0.7 13.2 36.6 0.4 1.8 N.d. N.d.

Y9 CL 13.2 2.0 0.4 29.8 5.1 0.5 13.6 33.5 0.6 1.3 N.d. N.d.
IPL 10.6 2.4 0.1 28.7 5.0 0.5 15.2 35.2 0.8 1.6 N.d. N.d.

a In a Siberian peat in the Yenisei watershed. I la  was shown to consist o f two isomers that co-elute (De Jonge et al.. 2013). In this study, the 
contribution o f isomers to the areas o f Ila, Ilb  and Ile  is probable but remains to be proven.
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is based on the abundance of brGD G T Illa  after exclusion 
of brG D G T Illa ', according to commonly adopted integra
tion protocols (Schouten et al., 2009). For the aquatic cal
ibration, we thus use only the area of brGD G T Illa  but 
not of Illa '.

Based on the chromatograms (Fig. 3), it is likely that, 
next to the presence of large amounts of hexamethylated 
brG D G T isomers, a substantial am ount of 6-methyl iso
mers of the pentamethylated compounds (Ila, Ilb  and Ile) 
is present. The effect of the presence of these pentamethylat
ed isomers on the proxy calculations is possibly large, as 
this isomer of brGD G T Ila  was shown to equal 50% of 
the total amount of brGD G T Ila  in a Siberian peat, col
lected in a lake floodplain (De Jonge et al., 2013).

5.3. The CBT-index and reconstructed river pH

Based on the global soil calibration by Peterse et al.
(2012), the reconstructed pH varies between 6.1 and 6.9 
for the CL fraction (Table 5). The pH is uniform down
stream, with slightly lower values in SPM originating closer 
to the mountainous source area of the Yenisei and at high 
latitudes (Table 5, Fig. 7A). The IPL fraction-based pH 
(6 .1-7.0) mimics that of the CL fraction closely, with a 
maximum offset of 0.15 pH units. Overall, the pH values 
are substantially higher than those of soils in the Yenisei 
watershed (pH 3.0-6.8 , Table 3, Fig. 8 ).

Taking into account the pH reconstruction calibration 
error of 0.8 (Peterse et al., 2012), only soils with pH values 
>5.3 are likely sources of these brGDGTs. However, such 
soils are only encountered in the southern part of the wa
tershed (between 52 and 56°N), in agriculturally more 
developed and forested areas (Table 3). The northern part 
of the watershed ( an extensive area of low pH peatland that

O

O ■ooO

o

r= 0 .61o

0.5 0.6 0.7 0.8 0.9

IRlIIa-

Fig. 5. A cross-plot comparing the isomer ratios (IR) o f the 
brG D G T Illa ' versus the IR  of brG D G T Illb ' (white symbols) and 
Ule' (black symbols). The linear regression line between IRma- and 
IRiiib- is plotted with a full line and the corresponding correlation 
coefficient (r2) value given. The 1:1 ratio is plotted with a dotted 
line.

typically contains high amounts of brGDGTs (cf. Weijers 
et al., 2006a)) is expected to contribute brGDGTs with a 
low degree of cyclisation (resulting from the low pH), as 
it sources two major tributaries of the Yenisei River. How
ever, a decrease of the reconstructed pH from brGDGTs in 
riverine SPM after the inflow of these tributaries is not evi
dent and, therefore, it is unlikely that the brGDGTs in the 
riverine SPM are predominantly soil-derived. Conse
quently, we propose that the brGDGTs in the Yenisei River 
SPM are primarily derived from in situ production since the 
reconstructed pH is close to that of the river water. The 
similar reconstructed pH values of the IPL fraction sup
ports this hypothesis, as this value is likely to reflect living 
or recently living biomass.

CBT-reconstructed pH values have been previously re
ported for riverbed sediments and match river water pH 
(Tierney and Russell, 2009; Tierney et al., 2010; Zhu 
et al., 2011; Yang et al., 2013 ). The pH of the Yenisei River 
is reported to be constant downstream and over time ( Sor- 
okovikova, 1997), with values between 7.0 and 7.3 (±0.2) 
along the river. The reconstructed pH values (between 6.1 
and 6.8 ) are only slightly lower than the Yenisei River water 
pH. This offset is larger for the more alkaline upstream riv
ers. Here, the measured pH values are more variable and 
reconstructed pH values do not reflect the magnitude of 
these variations well (Table 5; Fig. 7A). This larger offset 
is most probably due to the variation in pH (up to 2 pH 
units daily) that has been encountered in weakly buffered 
alkaline streams (Nimick et al., 2011).

5.3.1. Reconstruction o f  temperatures
Similar to the pH values, MBT'/CBT-reconstructed tem

peratures using the soil calibration along the main part of 
the Yenisei River are remarkably constant (Fig. 7B). They 
do not reflect the large changes in MAT imposed on the 
soils from south to north (from 0.9 to —10 °C; Table 1). 
The reconstructed Yenisei SPM MAT varies between 
— 1.2 and 2.9 °C, which is up to 9 °C higher than the ob
served MAT imposed on local and upstream soils 
(Fig. 7B). Thus, both the absolute values of MAT recon
structed and the absence of a north-south trend do not fit 
with the MAT imposed on the soils of the watershed. To 
test whether the distributions fit with a freshwater source, 
we use a global lake calibration that is based on the MST 
(Pearson et al., 2011). The reconstructed temperatures of 
the main stream are between 14.2 and 17.1 °C for both 
the IPL and CL fractions (Table 5; Fig. 1C), which is only 
slightly higher than the measured temperatures at the time 
of sampling (Table 2). The absolute values of this MST 
reconstruction fit the MST temperatures of weather sta
tions in the area of the upper reaches of the Yenisei River 
(Fig. 7). The MST of weather stations at higher latitudes 
is somewhat lower than the reconstructed MST but this is 
in line with the fact that warmer river water is transported 
towards higher latitudes before it can adjust to the colder 
MST downstream. In situ production of brGDGTs in the 
river water can thus account for the absence of a latitudinal 
gradient in the brGD G T distributions. The temperatures 
reconstructed for the mountainous upstream rivers also 
give a reliable temperature estimate. The mountainous riv-
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ers that flow into the Angara River and the SPM down
stream the inflow of the Angara River shows a contribution 
of a colder signal (Table 5, Fig. 7B).

5.3.2. Importance o f  in situ produced versus soil-derived 
brGDGTs

Based on the distribution of brGDGTs, this study thus 
indicates that the Yenisei River is an example of a river sys
tem where brGDGTs are dominantly produced in situ. This 
is in contrast with previous studies by Kim et al. (2012) and 
Zeii et al. (2013) on the Amazon River that concluded that 
soils are the dominant source of brGDGTs (70-80%). On 
the other hand, Zhu et al. (2011) concluded that the 
brGD G T signal of the Yangtze River catchment was over
printed by brGDGTs produced in situ. Based on a study in 
a hydroplant lake situated on the same river, Yang et al.
(2013) endorsed this conclusion. The relative contribution 
of in situ produced brGDGTs is thus variable between river 
systems.

We postulate that the contribution of in situ produced 
brGDGTs is dominant in the Yenisei River because of 
the relatively low amounts of soil-derived brGDGTs. This 
is supported by the relatively low concentrations of 
brGDGTs present in the SPM (Table 4). The concentration 
of brGDGTs in the Selenga River is comparable to previ
ous studies of rivers in France and Northern Europe (Her- 
fort et al., 2006; Kim et al., 2007), but it is up to an order of 
magnitude lower than found in the Amazon River (Kim 
et al., 2012). The concentration of GDGTs at the other sta
tions is lower, only comparable to the Têt and Rhone rivers 
during time periods other than flood events (Kim et al., 
2007). The higher brGD G T concentration in the Selenga 
River corresponds with a high amount of POC. Normalized 
on the POC content, the brGD G T concentrations are sim
ilar at all stations (Table 4). In this way, brGD G T concen
trations at all stations are comparable to the lowest values 
reported from the European Rivers (Herfort et al., 2006; 
Kim et al., 2007), but two orders of magnitude lower than
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the values reported for the Amazon River during the low 
water season (Kim et al., 2012; Zeii et al., 2013) and up 
to three orders of magnitude lower than the values reported 
for the high water season (Kim et al., 2012).

The niche of the aquatic brGD G T source organisms can 
be twofold; first, it can be derived from the water-logged 
wetlands around shallow lakes that source the Yenisei Riv
er water. Water-logged soils have been described to have a 
brG D G T distribution more alike lakes (Loomis et al., 
2011). We studied brGDGTs in one peat, obtained from 
the floodplain of a lake (De Jonge et al., 2013). Its brGDGT 
distributions was indeed similar to that of the river SPM at 
site M l, sampled slightly downstream (pH recon
structed =  6.7, MAT reconstructed =  0.7), suggesting a

shared source. Or, the brGDGTs can be produced in the 
river channel itself, if time allows the build-up of detectable 
concentrations of brGDGTs. The residence time of the 
SPM can be estimated based on the propagation speed 
and the length of the river. Using the propagation speed 
of the Lena River, a major Siberian River located east of 
the Yenisei, of 8 8 km day _1 (Smith and Pavelsky, 2008), 
we can calculate a water transport time of 62 days, from 
source to the river mouth. This is a minimum for the resi
dence time of the SPM, as all natural river channels contain 
"dead zones”, or areas of low velocity. Mixing processes 
carry suspended sediment into these low-velocity zones 
where particles settle out and accumulate until they are 
resuspended and transported further downstream. Thus,
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these zones can act as a source area for the bacterial popu
lation. Furthermore, bacterial cells and lipids can be 
sourced from the hyporheic zone, the layer of saturated sed
iments and surface water beneath the river channel (Dob
son, 1998). During the summer season, turnover times for 
attached and free-living bacteria in rivers have been re
ported by Edwards and Meyer (1986), to be in the order 
of 2 weeks. This is significantly shorter than the residence 
time, aquatic production in the river water itself thus seems 
plausible. The time required for the IPL fraction to be 
(partly) degraded to CL strongly depends on the polar 
headgroup. BrGDGT lipids with a labile phosphatidyl 
headgroup have been described in the Amazon River 
SPM by Zeii et al. (2013), where they indicate freshly pro
duced material.

The low amount of soil-derived brGDGTs in the Yenisei 
River can be explained by a low amount of horizontal run
off during the sampling season. The SPM samples were ta 
ken several months after the freshet, when the precipitation 
that accumulated as a snow layer during autumn, winter 
and spring is released as a large meltwater pulse into the 
K ara Sea. About 30% of the total annual water budget 
and 42% of the total annual sediment budget are discharged 
in June (Lammers and Shiklomanov, 2000). This indicates 
that the brGD G T signal in the Yenisei River SPM may 
thus be very different during the freshet, and an integrated 
annual signal may possibly match the soil brGD G T signa
ture better.

6. CONCLUSIONS

This study represents the first comprehensive record of 
brGD G T distribution in a river that crosses several climatic 
zones in a north-south direction, revealing insights in the 
site of their production. At all stations, in both the CL 
and IPL fraction, the full suite of brGDGTs is present. 
The brGD G T distribution is uniform downstream, in con
trast to the strong climate gradients crossed. As the recon
structed pH is too high for the surrounding soils and the 
gradient in MAT of the Yenisei watershed is not recon
structed, we conclude that brGDGTs in the SPM of the 
Yenisei River and tributaries do not reflect the watershed 
soil characteristics. The absence of strong changes in the

distribution can be explained if the brGDGTs are produced 
in the river water, as it has a relatively constant pH and 
temperature downstream. The pH of the river water is 
reconstructed well using the soil calibration and the MST 
is reconstructed well using a lake calibration. The 
brGDGTs in the Yenisei River and tributary SPM thus 
likely reflect an in situ produced aquatic signal. The absence 
of a soil-derived signal can be due to the low soil input at 
the time of sampling (end of summer). We hypothesize that 
the SPM signal of the Yenisei River may be highly seasonal, 
as much more soil material will be transported in the river 
during the freshet. To assess these seasonal changes, further 
research is required.

The exceptional brGD G T distribution of the Yenisei 
SPM was shown to be dominated by the newly described 
brGD G T Illa '. This compound was shown to be an impor
tant constituent of the brGDGTs in the SPM (between 22% 
and 51% of all brGDGTs). The chromatographically simi
lar isomers brGDGTs Illb ' and Ule' are tentatively identi
fied as having the same shift in méthylation from the ot5 
and/or m5 to the u6 and/or m6 position. Also, the chroma
tography of the pentamethylated brGD G T Ila  and Ilb  in 
the dataset suggests the presence of an isomer with méthyl
ation at the 016 and/or m6 position.

At the moment it is unclear if both isomeric forms are 
biosynthesized independently, or if isomers with a méthyla
tion on the 016 position are produced as an alternative to the 
corresponding isomer with a méthylation on the ot5 position 
of the alkyl chain. If they are biosynthesized independently, 
it is unknown if these compounds react independently to 
environmental factors. The hexamethylated brG D G T iso
mers have been included in soil calibration as defined in 
Weijers et al. (2007) and Peterse et al. (2012) and excluded 
from lake calibrations (Pearson et al., 2011), following inte
gration protocols. Using an improved chromatographic 
method, this study and previous studies indicate that these 
isomers can be abundant in the environment. Improving the 
separation and quantifying the hexa- and pentamethylated 
isomers will be required to assess the relevance of these iso
mers for the pH and temperature reconstruction. The logi
cal next step will be to recalibrate the soil and lake 
calibrations and to evaluate if the exclusion or inclusion 
of hexa- and pentamethylated brGD G T isomers can ex
plain some of the scatter observed in these calibrations.
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