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ARTICLE INFO ABSTRACT
Article history: Manganese (Mn) in lake sediments reacts strongly to changes of redox conditions. This study analyzed Mn
Received 29 January 2013 concentrations in oxides, carbonates, and bulk phases of the calcareous lacustrine sediments of a 938.5-m-long

Available online 22 August 2013 core (SG-1) taken from the western Qaidam Basin, well dated from 2.77 Ma to 0.1 Ma. Comparisons of extrac-

tions from diluted hydrochloric acid, acetic acid and citrate-bicarbonate-dithionite demonstrate that variations

I]f:g/ew Pﬁggﬁ;ne_ Quaternary of Mn concentrations from acetic acid leaching (Mnypac) are mostly responsible for Mn (II) fluctuations in the
Qaidam Basin carbonate phase. Taking into account the relevant processes during weathering, transportation, deposition and

post-deposition of Mn-bearing rocks, we conclude that Mn input from catchment weathering and paleolake
redox condition provide the primary controls on variations in the Mn records of carbonate and oxide phases.
We propose Mnyoac as a new sensitive indicator of paleolake redox evolution and catchment-scale climate
change. The Mnyoac variations show a long-term upward decreasing trend, indicating a long-term decrease of
Mn input from catchment weathering associated with increasing oxygen content in the paleolake bottom
water. The great similarities of the Mnypac record with other regional and global records suggest that paleolake
redox changes and climatic drying in the Qaidam Basin may be largely related to global cooling.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
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Introduction

Manganese (Mn) in lake sediments reacts sensitively to changes in
oxidation-reduction (redox) conditions. The redox behavior of Mn in
lakes has been well studied and comprehensively reviewed by a num-
ber of previous researchers (e.g., Dean et al., 1981; Davison, 1993; De
Vitre and Davison, 1993; Hamilton-Taylor and Davison, 1995; Wetzel,
2001). In brief, Mn is soluble in reduced phases and insoluble in oxi-
dized ones, and readily converted in the vicinity of a redox boundary
(Davison, 1993; Wetzel, 2001). Furthermore, Mn (IV) is easily reduced
whereas Mn (II) does not oxidize as readily. Mn sulfides are very soluble
under reducing conditions (Algeo and Maynard, 2004 ), and dissolved Mn
is not readily taken up significantly by any organic or mineral phase
(Huerta-Diaz and Morse, 1992). These two properties of Mn result in a
diffuse and homogeneous distribution of Mn (II) throughout the lake
water body (Hamilton-Taylor and Davison, 1995). The Mn (II) can be
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sequestered by carbonate formation in low Eh and slightly oxic conditions
(Calvert and Pedersen, 1993; Hild and Brumsack, 1998; Caplan and
Bustin, 1999; Stevens et al., 2000; Maynard, 2004; Tribovillard et al.,,
2006). Hence, Mn in carbonate can serve as a valuable proxy, sensitive
to lake-water redox conditions. Various analyses of the geochemical
dynamics of Mn and short-term Mn-bearing carbonate records have indi-
cated that the Mn-bearing carbonates link directly to the oxygen content
of the bottom water and water depth (e.g., Barnaby and Rimstidt, 1989;
Huckriede and Meischner, 1996; Neumann et al, 1997; Schaller and
Wehrli, 1997; Stevens et al., 2000). However, the reliability of this proxy
has not yet been examined in long-term lake sediment records.

A maximum thickness of ~15,000 m of Cenozoic sediments fills the
closed inland Qaidam Basin, which has an area of 12,000 km? and a
catchment of 25,000 km? and is located on the northeastern Tibetan
Plateau (Huang et al., 1996; Xia et al., 2001). The Cenozoic sediments
consist of mudstones, calcareous mudstones and marls, intercalated silt-
stones, gypsum, and rock salt beds, many of which are carbonate-rich
(Tuo and Philp, 2003). This site provides an excellent opportunity for
studying Mn-bearing carbonates in its long-term sedimentary record.
In 2008, our team carried out a deep drilling program in the central
western Qaidam Basin under the Sino-German TiP-TORP projects.
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A high-quality, continuous 938.5-m-long core (SG-1) was obtained
with a recovery rate of 95%. High-resolution magnetostratigraphy and
optically stimulated luminescence (OSL) provided ages on the core
from 2.77 to 0.1 Ma (Zhang et al.,, 2012a). The core consists of lacustrine
calcareous mudstones and siltstones intercalated with increasing salt
layers upwards in the core. Analyses of pollens and spores, grain sizes
and lithofacies, carbonate and salt minerals (gypsum and halite), and
mineral magnetic properties have been carried out on the core material
and provide considerable information on paleoclimate changes (e.g., Li
et al,, 2010; Wang et al,, 2012 and Zhang et al,, 2012a, 2012b). This
investigation of the paleolake redox conditions of the SG-1 core uses
the Mn geochemistry record to reconstruct paleolake water depth
fluctuations and associated climate changes.

Geological setting

The Qaidam Basin lies at an elevation of about 3000 m, is the largest
closed basin on the NE Tibetan Plateau, and is surrounded by the Qilian
Shan (Mountains) to the north, the Kunlun Shan to the south, the Altun
Shan to the west, and the Ela Shan to the east (with average elevations
over 4000-5000 m; Fang et al,, 2007) (Fig. 1). Mean annual tempera-
tures, precipitation, and latent evaporation in the western basin for
the past fifty years were around 2.6 °C, 17.6 mm, and 3298 mm, respec-
tively (Li et al.,, 2010). This hyper-arid environment and the strongly
indurated salt crust of decimeter-scale thickness prevent nearly all
vegetation growth in the western part of the basin.

The basin is under northeast-southwest compression, expressed by
NW-SE trending thrust faults (particularly along the Kunlun and Qilian
Mountain fronts), the NW-SE oriented anticlines in the interior of the
basin, and NE-SW trending strike-slip faults (Peltzer et al., 1989;
Wang and Coward, 1990; Chen et al., 1999; Lowenstein and Risacher,
2009) (Fig. 1). Since the Eocene, the paleolake water has become
increasingly saline, lying in a huge paleolake developed in the western
end of the basin (Tuo and Philp, 2003). With the rapid movement of
the Altyn Tagh fault along the Altun Shan since about late Oligocene to
early Miocene, the basin was subjected to NE-SW directing compression;
and the depocenter of the paleolake progressively migrated southeast-
wards, breaking the western basin into several sub-depressions (sub-
basins). Since the Late Pliocene, the paleolake evolved into playas
with climatic aridification (Chen and Bowler, 1986; Yuan et al., 1995).

The westerlies provide the major climatic influence on this basin, with
very minor influences from the Indian and East Asian monsoons (Fig. 1a).

Lithology and chronology of the core

The SG-1 core was drilled in a saline playa at the depocenter of the
Chahansilatu sub-basin (38° 24’ 35.30” N, 92° 30’ 32.70" E, elevation
~2900 m), between the Eboliang anticline and the Jianshan anticline
in the western Qaidam Basin (Zhang et al.,, 20123, Fig. 1). The core ex-
tends 938.5 m in length with an average recovery rate of 95%. Zhang
et al. (2012a) summarized the drilling; and Wang et al. (2012) and
Zhang et al. (2012a) described the core lithology in detail. In brief, the
penetrated sedimentary sequence consists of calcareous mudstones
and siltstones, intercalated with salt layers (mainly halite) and thin or
scattered gypsum crystals. Calcareous clay-siltstone layers dominate
below 420 m, with some gray-white thin salt layers present at around
700 m. Cycles of thick gray-white salt and calcareous clay-siltstone
layers characterize the uppermost 420 m of the sedimentary sequence
(Fig. 2).

Very detailed paleomagnetic dating established ages for the core,
with additional OSL dating done on the uppermost strata (Zhang et al.,
2012a). In total, the ages span from 2.77 Ma to 0.1 Ma, with magnetic
polarity markers obtained by the Brunhes-Matuyama boundary (at
2979 m; 0.78 Ma), the Matuyama-Gauss boundary (at 877.5 m;
2.58 Ma), as well as using the Jaramillo (at 322.6-344.5 m; 0.99-
1.07 Ma), Olduvai (at 557.0-621.9 m; 1.77-1.95 Ma), and Reunion (at
688.0 m; 2.14 Ma) normal subchrons (Zhang et al,, 2012a) (Fig. 2).
The lithofacies and sedimentary environment shift at a depth of about
231 m (~0.6 Ma) from the older brackish lake mudstones and perennial
saline lake salt beds to younger siltstones and salt beds, locally interca-
lated with some thin fine sandstones deposited under saline mudflat
and playa ephemeral saline lake conditions (Wang et al., 2012). These
shifts may indicate some depositional hiatuses. However, the good
correlation of seven cycles of both lithology (mudstone-siltstone beds
and grouped salt beds) and magnetic susceptibility with those of the
loess and paleosol cycles on the Chinese Loess Plateau (Zhang et al.,
2012b) above the Brunhes-Matuyama boundary support the continuity
of the stratigraphy on at least the ~10 ka scale. Thus our sampling at
0.5-1.5 m (equivalent to an average time of ~3-4 ka) will be sufficient
for long-term geochemical and climatic studies. The depth-to-age
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Figure 1. (a) Topographic map of the Tibetan Plateau and central Asia. (b) Map of the Qaidam Basin and adjacent regions showing the surrounding mountains, major structures, and the

location of the SG-1 borehole (modified from Zhang et al. (2012b)).
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Figure 2. Depth profiles of Mn species' distributions in the SG-1 core: (a) Sedimentary environment from Wang et al. (2012); (b) The lake level fluctuation history redrawn from Wang
etal. (2012); (c) Ca concentrations in the HOAc leachate (Cayoac); (d) Mn concentrations in the HOAc leachate (Mnypac); (€) Mn concentrations from the CBD extraction Mncgp; (f) The
ratio of Mncgp/Mnyoac; and (g) The ratio of Mn/Al in the HOAc residue. Paleomagnetic results are based on Zhang et al. (2012a). The lithology column is simplified according to Wang et al.
(2012). Thin lines indicate the raw data for (c-g). Bold solid lines in the records provide running averages: 25-point average for (c) and (d), 11-point for (e) and (f), and 5-point average for
(g), based on the different time resolutions of each record. Thin dotted lines in (d-f) indicate the general trends for each record. The degree of redox transformation from Mn(IV) to Mn(II)

is shown with the shift at the depth of 450 m.

correlation was performed by linear interpolation, using average sedi-
ment accumulation rates between the main magnetic polarity bound-
aries (Zhang et al.,, 2012a).

Materials and methods
Sampling and mineral analysis

The core sediments were sliced into 5-cm intervals directly into plas-
tic liners, sealed in plastic sample bags in the field, and transported to
Beijing for storage at 4°C. We selected a total of 805 bulk samples at var-
ious intervals (0.5-1.5 m corresponding to a resolution of ~3-4 ka)
from the calcareous rocks, oven-dried them at 40°C, and ground them
into fine powders.

In order to determine the major minerals (especially carbonate
minerals in the core), four representative samples (two with negligible
gypsum content and two with high gypsum content), were chosen for
X-ray diffraction (XRD) analysis on a Rigaku D/MAX-2000 diffractome-
ter (Cu, Kal, 1.5406 A, 40 kV, 40 mA, 3-65°, step 0.01°, 10°/min) at the
Micro Structure Analytical Laboratory, Beijing University.

Water and acid leaching

Water leaching leached away dissolved salts (halite and scattered
gypsum traces; sampling of big crystals was avoided). Approximately
0.2 g of each sample was weighed into 15 ml polyethylene centrifuge
tubes with 10 ml ultra-pure water. These samples were then mixed
on a vortex shaker, allowed to stand for 24 h at room temperature, cen-
trifuged, and then cleaned repeatedly three times in ultra-pure water.

Next, 10 ml 1 M acetic acid (HOAc) was added and kept at room
temperature for 24 h, with occasional oscillation. Finally, the solid
residues were separated by centrifuge and cleaned again three times
in pure water.

In order to obtain comprehensive knowledge of the Mn species in
the SG-1 core, a total of 49 HOAc solid-residue samples were oven-
dried, ground into powder and digested by pressurized acid digestion
using a mixture of HNOs/HF (Li et al., 2009). In brief, 20-30 mg of the
residue samples was first placed in a high-pressure Teflon digestion
vessel with 1 ml concentrated HNO5; (CMOS, JT. Baker, USA) and 1 ml
concentrated HF (BVIII, Beijing Institute of Chemical Reagent Research,
P.R. China). Next, the vessels were treated in an ultrasonic bath for
20 min, and then digested in an oven at 190°C for 24 h. After cooling,
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the solutions were dried on a hot plate at 150°C; HNO3; was added to
the residue and heated at 150°C for 24 h. Finally, the digestant was
diluted to 50 ml for analysis, using ultra-pure water.

Acid extraction test

In order to detect the different effects of 1 M HOAc and 1 M HCl on
the Mn extraction, 19 duplicate samples were chosen for acid leaching
procedures. Wet chemical extractions are operationally defined and
only moderately selective in targeting carbonate minerals, so that the
results should be interpreted with caution. Due to its strong acidity,
1 M HCI dissolves carbonate phases, some Mn oxides (Chester and
Hughes, 1967; van der Zee and van Raaphorst, 2004), and selectively
attacks clay minerals (Chester and Hughes, 1967; Moore et al., 1997).
On the other hand, 1 M HOAc is a weak acid and leaves clay minerals
unaffected (Yang et al., 2000). HOAc, however, as a reducing agent,
may extract some Mn oxide dissolution of any Mn-oxide coating on car-
bonate materials (as observed in marine sediments by Gourlan et al.
(2010), although the extent of such Mn oxide dissolution is probably
minor (Chester and Hughes, 1967).

Mn oxide extraction

In order to determine the Mn concentrations of free manganese
oxides and oxyhydroxides, which probably exist in lake sediments
(van der Zee and van Raaphorst, 2004), a total of 330 oven-dried
samples were analyzed using citrate-bicarbonate-dithionite (CBD)
extraction (Mehra and Jackson, 1960). Extraction was carried out
twice, with a total of 1 g of sodium dithionite for each 0.5 g sample, in
a hot (75 °C) Na citrate and Na bicarbonate solution (pH 7.3). The Na
bicarbonate solution serves as a buffer so that no carbonates are
dissolved; hence, only Mn from oxides is dissolved (Ruttenberg, 1992).

Measurements

All supernatants of the samples from each above procedure (as well
as the digestant of HOAc residue) were decanted into acid-cleaned poly-
ethylene bottles and saved for analysis. Solutions were analyzed using a
Leeman Labs Prodigy-H inductively coupled plasma optical emission
spectrometer (ICP-OES) at the Institute of Tibetan Plateau Research,
Chinese Academy of Sciences (ITP-CAS), Beijing. Concentrations of Ca
and Mn in the HOAc leachates, Mn in the CBD extractions, as well as
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Mn and Al in the HOAc residues, are expressed in parts per million
(ppm), and normalized to the weight of the bulk oven-dried sample.
Replicate analyses of samples show that relative standard deviations
(RSD) from the mean value were less than 2% for Ca, Mn, and Al.

Results
Mineral analysis

Evaporite minerals (halite and gypsum), carbonate minerals (calcite,
aragonite and traces of dolomite), quartz, albite, muscovite, and chlorite
make up the major minerals in the clastic layers (Li et al., 2010, Fig. 3).
Manganese oxides and oxyhydroxides were not detected by XRD due
to low concentrations and poor crystallinity (Burns and Burns, 1979).
XRD did not detect any of the typical Mn carbonate minerals, such
as rhodochrosite (MnCOs3) (as found in the sediments of Elk Lake,
Minnesota; Nuhfer et al., 1993), or kutnahorite ((Cags, Mngs) COs,
reported in the sediments of Big Watab Lake, Minnesota; Stevens
et al,, 2000). Thus, we reasonably infer that the main sources of Mn
(other than Mn oxides) in the SG-1 core are Mn-bearing carbonates,
mostly calcite and aragonite.

Water and acid leaching

The dissolved Mn content appears negligible, so we ignore this
portion of the Mn in this study.

Mn concentrations from HOAc leaching (Mnyoac) exhibit a generally
decreasing trend from the bottom to the top of the core (Fig. 2d), while
Ca concentrations from HOAc leaching (Cayoac) do not (Fig. 2¢). Mnyoac
values range from 14 ppm to 582 ppm, with an average of 248 ppm;
Canoac values fluctuate mostly in a range between 0.9 and 21.34 wt%
(average 8.20 wt%). Mnyoac and Cappac concentrations clearly vary
independently along the core (see the bivariate plot in Fig. 4b).

The Mn contents in the HOAc residues are expressed here by the
ratio of Mn/Al, rather than the concentration (Fig. 2g). Al is a well
known immobile element in chemical weathering; hence, the ratio of
Mn/Al indicates the extent of gain or loss for Mn during weathering.
The variations of Mn/Al in HOAc residues display a general upward
increase.

The total Mn concentration (Mngy;) is calculated as the combi-
nation of Mn concentrations in HOAc leaching and the solid residue.
Mnyoa; cOncentrations range from 207 ppm to 747 ppm with an aver-
age of 510 ppm, and this falls slightly below the Mn concentration of
600 ppm in the upper continental crust (Taylor and McLennan, 1985).
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The variations of Mn., exhibit a flat trend from the bottom of the
core to about 450-500 m, and then the values generally decrease
above 450-500 m (Fig. 5a). Interestingly, the variations of Mnyg,
appear similar to those of Mnyoac/Mnar above 450-500 m (Figs. 5a
and b). Mnoa concentrations correlate strongly with Mnyoac (Fig. 5¢).

Acid extraction test

The acid dissolution tests of selected samples (Fig. 4) show the fol-
lowing: (1) Mn concentrations from 1 M HCl leaching (Mnyq) range
from 206 ppm to 492 ppm, with an average of 380 ppm, (which is
higher than those from 1 M HOAc leaching, which range from 99 ppm
to 346 ppm, with an average of 244 ppm) (Fig. 4a). Mnyoac concentra-
tions exhibit positive correlations with Mnyq concentrations. (2) Ca
concentrations from the two leaching methods yield roughly similar
values, with those from HCl leaching generally slightly higher
(Fig. 4c). These results indicate that both leaching methods can effec-
tively dissolve calcite and aragonite, but that HCI has a stronger extrac-
tive ability than HOAc for other Ca-bearing minerals (e.g., dolomite)
(Fig. 4c). (3) Ca and Mn concentrations extracted by the HOAc and
HCl leaching do not appear related (Figs. 4b and d). (4) The differences
between Mn and Ca concentrations from the two leaching methods
(defined as the difference between Mnyc and Mnygac or the ratio of
Mny to Mnyoae and similarly for Ca) show a weak positive correlation
(Figs. 4e and f). This implies that this portion of the Mn probably results
from a mixture from dissolution of dolomite, Mn oxides, and other min-
erals, due to the stronger dissolution capacity of 1 M HCl. (5) The Mn
concentration in gypsum-rich sample follows the trend line determined
by the Mn concentrations from the HOAc and HCl leaching (Fig. 4a),
whereas the Ca concentration of gypsum-rich sample lies above the
trend line determined by the Ca concentrations from the HOAc and
HCl leaching (Fig. 4c). This indicates that the Mn concentrations in
gypsum are minor compared to those in carbonate.

Extraction of Mn oxides

The Mn concentrations extracted by CBD treatment (Mncgp) in-
crease from the bottom of the core (938.5 m) to peak values at a
depth of ~450 m, followed by a subsequent decreasing trend to the
top of the core (Fig. 2e). The Mncgp concentrations remain below
110 ppm (mostly <80 ppm) with an average of 46 ppm, about an
order of magnitude less than Mnyoac.. The most striking feature of the
long-term changes of Mncgp and Mnyoac along the core can be charac-
terized by different evolution patterns below and above 450 m (Figs. 2d
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Figure 3. X-ray diffraction patterns of sedimentary minerals from four representative samples in the SG-1core. (a-

b) Samples from depths 46 m and 96 m are rich in gypsum with

relatively low carbonate content; (c-d) Samples from depths 406 m and 507 m have relatively high carbonate content and negligible contents of gypsum. The identified mineral peaks

shown are: Arg--aragonite, Cc——calcite, Dol--dolomite, Gp--gypsum, and Hl--halite.
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and 2e). Below 450 m the general trends of the two Mn records show Discussion

roughly inverse relationships, with a poor correlation coefficient

(r> = 0.12); but above 450 m they correlate positively, with a signifi- Geochemical interpretation

cant correlation coefficient above 450 m (1> = 0.55) (Figs. 2 and 6).

However, by looking at short time-scale fluctuations superimposed on Capoac principally represents the calcium carbonate content in the
the long-term trend, we find that the major highs and lows in both sediments, because Ca-bearing evaporite minerals (e.g., scattered traces
Mncgp and Mngypac records show similar (in-phase) changes (Figs. 2d of gypsum; sampling of big gypsum crystals were avoided) were mostly
and e). Furthermore, the variations of Mnyoa/Mncgp also present a leached away with water before the acid treatment because of their
two-phase pattern, decreasing upward below 450 m and tending to much higher solubility. However, the Caypac data might not entirely re-

increase upward above 450 m (Fig. 2f). flect the total carbonate content, as some dolomite was detected by XRD
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Figure 6. Scatter diagrams of Mnyoac and Mnggp above and below 450 m depth, respectively.
Mnyoac and Mnggp show a positive correlation above 450 m but no clear relationship below
450 m.

in a few samples from the upper part of the core (Li et al., 2010; Fig. 4).
Therefore, weak or incomplete dissolution of dolomite (CaMg(COs),)
with 1 M HOAc may occur (Yang et al., 2000). Hence, Cayoac concentra-
tions mainly reflect the lower limit of the carbonate contents in the sed-
iments, and the average Cayoac of about 8 wt% converts to an average of
20 wt% carbonate content throughout the whole core, assuming that
the 1 M HOAc leaching extracts Ca only from calcite or aragonite
(CaCos).

The results of the acid leaching tests demonstrate that carbonate
minerals are the dominant carriers of Mn during both HOAc and HCI
leaching. Although 1 M HOAc is weaker than 1 M HCl for Mn extraction,
both diluted HOAc and HCl can dissolve carbonate minerals effectively.
Due to the stronger acidity, 1 M HCl will dissolve somewhat more Mn
from other phases (such as oxides) than from carbonates. Based on
these results, we conclude that CaCOs; provides the major carrier of
dissolved Mn in the reduced and calcareous sediments of the core.
Even if Mn oxides are partly dissolved by 1 M HOAc, however, the con-
tribution of Mn oxides to the Mn variations from the carbonate phases
can be neglected due to low concentrations of Mncgp compared with
Mnyoac in this core. We therefore attribute the variations of Mnyoac to
Mn (II) in carbonate minerals, whereas the content of Mncgp mainly
reflects the content of Mn oxides.

Controls on the variations of Mnyoac and Mncgp in the SG-1 core

There are several possible competing factors that may explain the
Mn concentrations in the calcareous lacustrine sediments of the SG-1
core. These factors relate to the composition of the source rocks,
processes releasing Mn by weathering in the source area, and other pro-
cesses active during transportation, deposition, and post-deposition.
First, we evaluate sources of Mn delivered into the lake from the catch-
ment area. Then we discuss processes linked to the paleolake. Finally,
we propose a model linking to the internal lake dynamics to climate
changes in the drainage areas.

Sources of Mn delivered to lake

Investigations of source rock type and composition in surrounding
mountains by scientists who study salt lakes in Qaidam Basin show
that the exposed rocks in the drainage basin are variable with many
intermediate and acid rocks. These are mainly gray gneiss, siliciclastic
rocks, dolostone, quartzite, phyllite, marble, carbonatite, peridotite,
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serpentinite, augite, diorite, and granite of Precambrian to early Creta-
ceous ages (Zhang, 1987; Xuan, 1995; Wang et al., 2008). Mn-rich
bedrocks, such as rhodochrosite and pyrolusite, are not found in the
western Qaidam surrounding mountains (RGMRGD, 1985).

Chemical weathering of Mn-bearing rocks in the drainage area sup-
plies the dissolved Mn load to the rivers; whereas the rivers' suspended
loads predominantly contain residual alteration products, as well as sec-
ondary Mn mineral phases that formed during weathering, such as Mn
oxides/oxyhydroxides. To some extent, the observed dissolved Mn, as
well as secondary Mn mineral phases, represent the degree of Mn-
bearing rock weathering. A warm and humid climate would likely result
in much greater input of Mn released by weathering from catchments to
the lakes. Hence, if no transformation from Mn oxides/oxyhydroxides to
Mn (II) occurs within the lake, variations of dissolved Mn and Mn
oxides/oxyhydroxides should be similar and dominantly controlled by
the degree of weathering of Mn-bearing rocks in the drainage area.

Due to the larger stable Eh—-pH field for Mn?* (Fig. 7, Maynard,
2004), the dissolved Mn would be taken up by carbonate phase in the
low Eh and slightly oxic lake water (Fig. 7). In this case, however, the
dissolved Mn information would be obscured by the detrital carbonates
carried into the lake. The geological setting of the paleolakes in the
western Qaidam Basin has remained stable since the Late Pliocene
(Chen and Bowler, 1986; Yuan et al, 1995), and that allows us to
check detrital signals in this core using data from nearby locations,
such as from the Lenghu and Ganchaigou sediments (see Fig. 1 for loca-
tions). The carbonate analyses of both locations (Hanson, 1999; Graham
et al., 2005) show that the average proportions of the detrital carbon-
ates to total carbonates in each locality make up only 11% and 13%, re-
spectively. These low contents of detrital carbonates suggest that any
Mn signal inherited from detrital carbonates should be relatively small.

In arid regions, eolian materials can be transported by wind into
lakes and mix with aquatic sediments. Thus eolian dust provides anoth-
er source of Mn input. However, the western Qaidam Basin undergoes
very strong wind erosion, rather than dust accumulation, as shown by
the widely distributed Yardang (wind erosion) geomorphology in the
region (Kapp et al., 2011; Pullen et al., 2011). Absence of eolian loess
deposition in the western Qaidam Basin confirms this (Sun, 2002).
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Figure 7. Eh-pH diagram showing the relationships among Mn oxides and carbonates
(redrawn from Maynard (2004)). Note the large field of stability for dissolved Mn?*.
Rhodochrosite should be the dominant mineral at high pH under low Eh conditions.
Carbonates will not exist in low pH conditions. The shaded area indicates the speculative
Eh-pH field of the depositional environmental of the SG-1core, according to lithologic
investigations of Wang et al. (2012).
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Modern meteorological observations in Lenghu town (see Fig. 1 for
location) demonstrate that little fine dust accumulates on cylindrical
glass vessels. The coarse components account for 85% in volume, and
they mostly exceed 126.4 pm (Qiang et al., 2010). Grain-size analyses
of representative samples from the SG-1 core show no indicators of
eolian dusts, but they do show a unique silt-size peak mode for most
samples (interpreted as typical for a semi-deep lake) or a double peak
(silt and fine sand) for some samples in the upper core (interpreted as
small river channel deposits) (Wang et al., 2012). This exhibits a differ-
ent characteristic of grain-size distribution from that of the modern
eolian dust at Lenghu town (Qiang et al., 2010). Therefore, the Mn influx
from eolian addition to the lake sediments in the studied region can
reasonably be ignored for the purposes of this study.

Processes in the paleolake

First, we consider the precipitation of dissolved Mn, after dissolved
Mn and Mn oxides/oxyhydroxides from the catchment weathering
have been carried into the paleolake. The precipitation of dissolved
Mn in the carbonate phase requires sufficient bicarbonate concentra-
tions (Fig. 7). The high CaCOs contents in the core sediments indicate
that sufficient bicarbonate existed in the paleolake. In that case, the
Mn concentrations in carbonate phases would not be related to bulk
carbonate content, but only depend on the dissolved Mn supply,
because CaCO;3 provides an adequate carrier for dissolved Mn. The
poor correlations between Ca and Mn, both from HOAc and HCl extrac-
tions (i.e.,, Mnypac does not co-vary with Caypac) (Figs. 2, 4b and d),
confirm this.

Next, we consider the paleolake redox regulation of the Mn oxides/
oxyhydroxides and Mn-bearing carbonates. Although we lack a modern
lake study as the reference to help explain the processes in the
paleolake, the core lithology provides good indications of the processes
active in paleolake systems.

The humid and warm climates in the drainage area correspond to
stages of high lake levels (Wang et al., 2012). In those situations, the
lithofacies in this core are characterized by gray-black laminated mud-
stones. The striking horizontal millimeter-scale laminations consist of
alternating very thin dark clays with abundant organic matter and ligh-
ter gray silty clays or fine silts with more carbonates (Wang et al., 2012).
Gray-black laminated mudstones (with occasional pyrite nodule) occur
in the core, indicating lake stratification and oxygen-deficient lake bot-
tom water (Wang et al., 2012, and their Fig. 3). Furthermore, an inverse
relation between carbonates and organic matter occurs in the gray-
black lamination, indicating that the geochemical processes in the
paleolake resemble those in Elk Lake, Minnesota, as described by Dean
(1999). The dark clays with abundant organic matter indicate a high
productivity during the period of lake stratification. However, organic-
matter decomposition in the hypolimnion makes the hypolimnion
become anoxic, and leads to less CaCO3 accumulation. During the period
of the lake overturn, a larger amount of CaCO3 accumulates in the sedi-
ments. Thus, in the oxygen-deficient bottom lake water, the Mn oxides/
oxyhydroxides become reductively dissolved and sequestered in the
carbonate phase.

When the climate becomes warm and less humid, lower lake levels
and lower productivity for the paleolake can be expected. Then the
greater wind shear, mixing to depth, and an unstable thermocline con-
tribute to poor development of laminated mudstones and enhanced de-
velopment of greenish gray and yellowish gray massive mudstones and
siltstones (Wang et al., 2012). The observed colors change from dark
gray-black to greenish gray and yellowish gray, indicating some
enhanced oxidation. This most probably results from shallowing of the
lake water, greater wind shear, and mixing to depth. In that case, to a
lesser extent, the transformation from Mn oxides/oxyhydroxides to
Mn-bearing carbonates would occur. In extreme cases, the climate be-
comes dry and cold, and the amount of Mn delivered by weathering
would be less. The paleolake can then evolve into a shallow saline
lake, like most modern saline lakes in the Qaidam Basin, with a water
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depth less than 1 m (Zhang, 1987). In the well-mixed and oxic lake
water, reductive dissolution of Mn oxides/oxyhydroxides would hardly
occur.

The issue of post-deposition alteration requires further consider-
ation. Diagenesis of carbonate minerals can significantly alter Mn con-
centrations in carbonates during recrystallization. The Mn partitioning
coefficients for sedimentary carbonate minerals exceed 1, meaning
that Mn is preferentially incorporated into the crystals rather than the
solutions (Brand and Veizer, 1980; Rimstidt et al., 1998). The carbon
and oxygen isotopic results from sedimentary carbonates in the Neo-
gene lacustrine strata from adjacent areas, such as Lenghu and
Laomangnai (see Fig. 1 for locations) (Kent-Corson et al., 2009), demon-
strate that the carbonate minerals are only diagenetically altered to a
minor degree (Kent-Corson et al.,, 2009). In another way, any significant
degradation of organic matter would result in CO, production and a de-
crease of pH in the pore water. And, to some extent, this pH decrease
would lead to carbonate dissolution and recrystallization. Analyses of
746 samples yielded an average TOC of 0.4 + 0.16%, with a long-term
upward decreasing trend (unpublished data), in accordance with cli-
matic deterioration deduced from other proxies in this core (Li et al.,
2010; Wang et al,, 2012; Zhang et al., 2012b). If remarkable organic
matter degradation occurs, the variation of TOC record would generally
represent an upward increase, since a greater degree of organic matter
degradation always happens at greater depth.

Finally, many factors influence the incorporation of Mn into carbon-
ate, such as carbonate precipitation rates, temperature, and Mn/Ca ra-
tios in the aqueous solutions, but these appear minor in this study. No
matter how the kinetic processes change during the incorporation of
Mn into carbonate, the dissolved Mn would ultimately become incorpo-
rated into carbonates. The sampling and time scales of this study allow
us only to consider the bulk Mn concentrations in carbonate and force
us to ignore intermediate processes during Mn partitioning.

Proposed model

All of the above processes within the catchment and lake can be syn-
thesized by a simple conceptual model with two end-members (Fig. 8).
For a lake within a closed drainage area, Mn input from both catchment
weathering and lake water redox conditions relate to climate change.
During periods of warm and wet climate, source rocks in the drainage
area receive stronger weathering and deliver more weathering-
released Mn into the lake. Under these conditions, the lake level stays
high and the lake bottom water becomes oxygen-deficient, lake stratifi-
cation has been strengthened. This results in a relatively high Mn con-
tent in the carbonate phase and a relatively low content of Mn oxides,
due to strong transformation of Mn oxides to carbonates in the
bicarbonate-rich lake water (Fig. 8a, Stevens et al., 2000). Conversely,
during a period of dry and cold climate, the drainage area will receive
weak weathering and deliver less weathering-released Mn into the
lake. A low lake level, more oxic bottom water, and an unstable thermo-
cline or well-mixed lake water would likely result. Because of the weak
transformation from Mn oxides to carbonates in a hard water lake, both
the Mn oxides and Mn content in carbonates would display similar var-
iations (Fig. 8b).

This model could well explain the Mnypac and Mncgp in the SG-1
core. When the paleolake bottom water was oxygen-deficient, transfor-
mation from Mn oxides to Mn carbonates would occur; however, the
imprint of the original Mn oxides/oxyhydroxides input signature may
be partly preserved. This could explain why the general trends of the
two Mn records relate roughly inversely below 450 m, and why the
short time-scale fluctuations of the two Mn records are nearly the
same. During stages of less anoxic paleolake water, the redox regulation
is minor. Hence, the general trends, as well as the short time scale
fluctuations of the two Mn records, parallel each other.

During a period of warm and wet climate, the weathering of Mn-
bearing source rocks increases, and hence Mn depletion in the residual
alteration products should be substantial. If our model works, when the
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Figure 8. Conceptual model for the provenance, transportation, and deposition of Mn in the SG-1 core site: (a) a stage of high lake level with relatively warm and wet climate; and (b) a
stage of low lake level with relatively dry and cold climate. The lake depositional models are redrawn from Wang et al. (2012). See text for details. Note that MnCOs herein is related to Mn

precipitation in carbonate phase, and not related to rhodochrosite.

inferred climate since 2.8 Ma generally became dry and cool, an upward
weakening of Mn-bearing source rock weathering, as well as a decreas-
ing Mn depletion in the residual alteration products, is expected. If we
ignore the very low Mn oxide/oxyhydroxide contents in this core, the
general upward-increasing trend of Mn/Al in the HOAc residue indi-
cates an upward decreasing trend for Mn depletion of the residual alter-
ation products (Fig. 2g), and therefore, an upward decreased degree of
Mn-bearing rock weathering in source area. This strongly confirms the
applicability of our model in this region. The weakening of weathering
would lead to an upward decrease in the dissolved Mn input. To some
extent, the in-phase changes of Mnyo, and Mnyoa/Mngea above
450-500 m (Figs. 5a and b), as well as the positively corrected Mnypa)
and Mnyoac (Fig. 5¢), clearly show the positive correlation between
the degree of Mn-bearing rock weathering and the total of dissolved
Mn inputs.

These two-phase, long-term changes of the Mncgp (as well as
Mncgp/Mnyoac) below and above 450 m (Figs. 2e and f) occurred
prior to the lithofacies shift at 414 m, from the earlier relatively brackish
lake to the later restricted shallow saline lake (Wang et al., 2012,
Fig. 2a). To a large extent, Mncgp/Mnyoac €an serve as a proxy of Mn
(IV)/Mn (II). Then, the big contrast between Mn (IV)/Mn (II) variations
below and above 450 m indicates a significant reversal of the paleolake
redox condition at 450 m. The depth of 450 m marks the turning point
for lake water redox regulation, while the depth of 414 marks the begin-
ning of thick salt layer appearances in the core. The lag time between
these two depths seems to represent the process of decreasing lake
water depth, until becoming a shallow saline lake.

Our proposed model here emphasizes both Mn input from catch-
ment weathering as well as recycling of Mn oxides within the lake
system. This is somewhat different than model proposed in Big Watab
Lake, Minnesota (Stevens et al., 2000), during which the role of
recycling of Mn oxides within the lake system is much more important.
We think these differences are largely caused by the different surface
area-to-depth ratios in Big Watab Lake and the core SG-1 paleolake. In
lakes with small area-to-depth ratios (in Big Watab Lake, the surface
area is only 0.9 km? and water depth of one subbasin is 36 m), the
recycling of Mn oxides within the lake system is much more effective
due to a very stable hypolimnion, and receiving Mn input from
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catchment weathering would play a minor role due to the small surface
area. Even though the paleolake of the core SG-1 lacks a modern lake,
lakes on the NE Tibetan Plateau nearly all have larger area-to-depth
ratios. For example, the surface area of Lake Qinghai is more than
4260 km? and water depth is less than 28 m. In the modern lake,
precipitation of authigenic carbonate (low-Mg calcite, aragonite, and
dolomite) is in progress and lake stratification is present (LIGCAS,
1994; Jin et al., 2010). Gasikule Lake, located in the west-most Qaidam
Basin (Fig. 1b), has a surface area of 103 km? and an average water
depth of 0.65 m. Precipitation of halite is present and the lake water is
oxic and well-mixed (Zhang, 1987). In those lakes with large area-to-
depth ratios in our studied regions, receiving Mn input from catchment
weathering would be significant due to the large surface area, and
strong wind activity in the region would cause a less stable, less well-
developed hypolimnion than those lakes with small area-to-depth
ratios.

Paleoclimatic implications

The Mnyoac record for the bottom-water oxygen content and water-
level fluctuations has been supported by the water-level reconstruction
independently deduced by Wang et al. (2012) based on the different
lithofacies units deposited during different water-depth environments.
Wang et al.'s (2012) nine individual phases of sedimentary environ-
ments associated with corresponding lake-level fluctuations corre-
spond with our reconstruction from the Mnyoac record (Figs. 2a, b and
¢). This study demonstrates the links between lake-level fluctuations,
bottom-water oxidation, and climate change, as do Wang et al.
(2012). Hence, Mnyoac concentrations in the SG-1 core sediments can
serve as a sensitive proxy for Mn input from the catchment weathering,
lake redox evolution, and climate change.

Based on the proposed model above, this long-term decrease of the
Mnpoac Values indicates a long-term decrease of Mn input from the
catchment weathering and increasing oxidation in the lake bottom
water, reflecting a long-term climate drying after 2.8 Ma. A long-term
drying of central Asia since the Pliocene and Quaternary has been wide-
ly reported by many researchers from a variety of geological records:
e.g., grain-size records showing the history of expansion of the Mu Us
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Desert in northwest China (Ding et al., 2005), mass accumulation rates
on the central Chinese Loess Plateau (Sun and An, 2005, Fig. 9d), and
low-resolution pollen records in the western Qaidam Basin (Cai et al.,
2012, Fig. 9e). However, the progression of the long-term drying re-
mains unclear, and the lack of high-quality continuous climatic records
directly from central Asia poses continuing difficulties. Our drilling
sequences in the western Qaidam Basin provide new, high-quality
proxy records for the region, and provide (for the first time) one contin-
uous sequence for geochemical research.

Comparisons of the Mnypac record from the SG-1 core with
the stacked marine oxygen isotope record from benthic foraminifera
(Lisiecki and Raymo, 2005, Fig. 9a) and with alkenone sea-surface tem-
peratures of the North Atlantic Ocean (Lawrence et al., 2009, Fig. 9b)
show that the Mnypac variations generally match the global cooling
and intensification of the Northern Hemisphere glaciation. The greatest
similarity is observed between sea-surface temperatures of the North
Atlantic Ocean and our Mnyoa. record. We assume that global cooling
decreases global air moisture due to reduced evaporation of oceans
and continental water bodies and thus reduces the transport of mois-
ture into the continental interior of Asia (e.g., by monsoons or the west-
erlies). In particular, high-latitude cooling of the Northern Hemisphere
will significantly reduce moisture in the westerlies, which directly con-
trol the studied region, and will thereby lead to a drying of the Qaidam
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Figure 9. Comparison of the Mnyoa. record of the SG-1 core (c) with other climatic records
since 2.8 Ma: (a) LR04 stacked marine 6'0 records (Lisiecki and Raymo, 2005);
(b) Alkenone-derived sea-surface temperature record from the North Atlantic Ocean at
ODP Site 982 (Lawrence et al., 2009); (d) Eolian dust mass accumulation rates on the
central Chinese Loess Plateau (Sun and An, 2005); and (e) Variations of broadleaf pollen
content of the SG-3 core in the western Qaidam Basin (Cai et al., 2012). Bold solid lines
in the records show running averages: 71-point average for (a), 21-point average for
(b), 25-point average for (c), 101-point average for (d), and 3-point average for (e), all
based on different time resolutions for each record.
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Basin, shrinking and lowering the lake, increasing oxidative conditions,
and decreasing the Mnyoa. content. Cooling of the high latitudes of the
Northern Hemisphere has also been proposed to intensify the Siberian
High (air pressure), which also affects the studied region through the
enhanced westerlies (Porter and An, 1995; Fang et al., 1999) by directly
adding cold air into this high pressure regime (Chen et al,, 1991; Ding,
1991). An enhanced Siberian High will also give rise to a colder
and drier climate for the Qaidam Basin, thus causing a decrease of the
Mnyoac content.

Conclusions

1. Test experiments with HCI, HOAc, and CBD extractions demonstrate
that the Mn concentration in oxides and carbonates in the anoxic,
sulfate-rich, and calcareous sediments of the SG-1 core can serve as
a proxy to reflect paleolake redox conditions. Carbonates (mostly
CaCO3) provide the major carrier of Mn (II) in the core lithology.
The Capoac content cannot account for the Mnyoac Vvariations;
paleolake redox conditions and climate in the catchment area ulti-
mately serve as controlling factors to the variations of Mncgp and
Mnyoac in the core.

2. The 2.77 to 0.1 Ma high-resolution record obtained from the SG-1
core shows a long-term decrease of Mnyoac, Suggesting a long-term
decrease of Mn input from the catchment and an increase of the
oxygen content in the bottom waters of the paleolake. This reflects
a long-term drying of central Asia since the Late Pliocene. Global
cooling, especially cooling in the high latitudes of the Northern
Hemisphere, may be the major controlling factor for the paleolake
evolution in the western Qaidam Basin.
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