U.S. DEPARTMENT OF THE INTERIOR

U.S. GEOLOGICAL SURVEY

GEOCHEMISTRY OF SEDIMENTS FROM TULE LAKE, CALIFORNIA
by

Walter E. Dean!

Open-File Report 96-257

This report is preliminary and has not been reviewed for conformity with U.S. Geological
Survey editorial standards. Use of brand names in this report is for descriptive purposes
only and does not imply endorsement by the U.S. Geological Survey.

1996

1USGS, MS 980 Federal Center, Denver, CO 80225



TABLE OF CONTENTS

Page
ABSTRACT ...ttt ettt s ste et e st e s e esae s et e et et st s e st e e ne et ententessantesesansaneens 1
INTRODUCGCTION.....c.ciitiiiiriteenieintentee e eesecstes e rete st essesesesaes e sestessesassensesssmtsnensesenseassseneeses 1
METHODS ...ttt ettt eee e et se e s e e e s st s st s et eaesme st e sasesse b eaansans 3
RESULTS AND INTERPRETATION......cccceoitiiiiaietenitetctesteeiesneesteesesae e st sae s saasanas 6
REFERENCES CITED......cotiitiiiteeirearieenenenietetsreeststesesse s siseasesse st et eseessssesmeseesassensens 10
LIST OF ILLUSTRATIONS
Page
Figure 1. Map of the Tule Lake and surrounding features ...........cccoeveviveenenrenneneneeniereneseeenes 2
Figure 2. Histograms of maximum and average percent differences between duplicate
PAULS OF ANALYSES .ecveuvenirieenieeieeete ettt ettt et e st ettt st aeene 4
Figure 3. Scatter plots comparing concentrations of major- and minor-element oxides by ICP
ANA DY XRF ...ttt a ettt s e s e r et e 5
Figure 4. Lithologic summary and plots of concentrations of major-element oxides, CaCO3
organic carbon, and trace elements in samples from Tule Lake..........cccccccvunvrevunanne 7-10
Figure 5. Plots of factor loadings from a 4-factor Q-mode factor analysis.........cceveeeueeveeeenerevenens 12
Figure 6. Scatter plot of %CaCO 5 calculated from total calcium and carbonate carbon................ 15

Figure 7. Log-log plots of concentrations of major-element oxides in Tule Lake sample 986
versus those in average Medicine Lake volcanics and USGS standard rhyolite
RGM-1; and trace elements in Tule Lake sample 986 versus those in average
Medicine Lake volcanics and USGS standard basalt.............ccoceevercniiccinncnncncnencennnene 17
Figure 8. Plots of concentrations of nonbiogenic SiO,, biogenic SiO5, and organic carbon;
and moving correlation coefficients between biogenic SiO; and organic carbon for
samples from Tule Lake, CalifOrnia..........cocvirmeiriirirrceenteenreeeeeeessesaeeesreeeeeseesenne 19



GEOCHEMISTRY OF SEDIMENTS FROM TULE LAKE, CALIFORNIA
ABSTRACT

The sediments deposited in Tule Lake, California can be described in terms of a four-
component system of clastic material, CaCO3, organic matter and diatom debris. Samples of a

330-m core, representing deposition in Tule Lake during the last three million years, were analyzed
for concentrations of 24 major, minor, and trace elements as well as organic carbon and carbonate
carbon. Q-mode factor analysis of the geochemical data provides a geochemical zonation of the
core based on four principal element associations. Association 1 is essentially a basic igneous rock
association and groups those samples with relatively high concentrations of Ti, Zn, Ce, La, Al, Co,
Cu, Ni, Y, Ba, Cr, Pb, and Sc. This component makes up an average of about 70% of the
sediment deposited in Tule Lake, and represents the inorganic clastic fraction derived mainly from
erosion of basic igneous rocks in the drainage basin, with minor additions from acidic volcanic ash
derived from within and outside the drainage basin. Association 2 groups those sediments that are
rich in siliceous biogenic debris and organic matter. The average organic carbon concentration in
the Tule Lake sediments is 2.5%, with a maximum of 7.6%. The average concentration of
biogenic SiO,, estimated from the total SiO, content and SiO,/Al,O3 ratio, is about 25% with a

maximum of about 60%. Association 3 is based on the content of CaCO3 and associated

elements Mg and Sr. The maximum concentration is 42%, but the average is only 2.5%, and most
of the carbonate-rich beds occur near the top of the sediment section between 50 and 130 m.
Association 4 is weak, but appears to reflect variations in redox conditions within the lake as
indicated by relatively high concentrations of Fe, Mn, Sc, V, and P.

INTRODUCTION

Tule Lake basin is a remnant of a much larger ancient lake system that once covered a
large area of north-central California and south-central Oregon east of the Cascade Range. Most of
the present lake basin has been drained for agriculture. In 1982 the U.S. Geological Survey
collected a sequence of cores from Tule Lake Sump (Figure 1) near the town of Tulelake that
resulted in almost continuous recovery of the upper 334 m of the estimated 550 m of lacustrine
sediment in the basin (Adam and others, 1989). The base of the cored interval is within the Gauss
normal-polarity paleomagnetic chron and is estimated to be about 3.0 My old (Reike and others,
1992). Samples of sediment were collected for studies of pollen, ostracodes, diatoms, tephra,
paleomagnetics, and geochemistry. This report presents the results of the geochemical
investigations.
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Figure 1. Map of the Tule Lake and surrounding features in northem California and adjacent
southern Oregon. Horizontal ruling indicates historic lakes. Stippled area indicates parts

of the Medicine Lake Highlands and Mt. Shasta with elevations greater than 1525 m
(modified from Adam and others, 1989).



METHODS

A total of 133 samples from the Tule Lake core was collected for geochemical analyses.
Samples were air dried and ground to pass a 100-mesh (149 um) sieve. Twelve of the samples
were chosen at random for duplicate analyses. Concentrations of total carbon and inorganic carbon
were determined by coulometry (Engleman and others, 1985) in splits of the geochemistry
samples. Carbonate in the untreated sample is reacted with perchloric acid to liberate CO2, which
is then titrated in a coulometer cell to measure inorganic carbon. Total carbon is measured by
liberating CO2 by combustion of an untreated sample at 1050° C in a stream of oxygen and
titrating the CO7. Values of organic carbon (OC) were determined by difference between total
carbon and inorganic carbon. Replicate analyses demonstrate the coulometer technique has a
precision of better than +1% for both carbonate and total carbon.

All 145 analytical samples (133 samples plus 12 duplicates) were analyzed for 10 major
and minor elements by X-ray fluorescence spectrometry (XRF; Taggart and others, 1987), and 35
major, minor, and trace elements by induction-coupled, argon-plasma emission spectrometry
(ICP; Lichte and others, 1987). Twenty four elements were detected in at least some of the
samples. The following 11 elements (and their lower limits of detection in parts per million given
in parentheses after the element) were analyzed by ICP but not detected in any of the samples: Au
(8), Be (1), Bi (10), Cd (2), Eu (2), Ho (4), Nb (4), Sn (20), Ta (40), Th (4), and U (100).

An estimate of precision of the XRF and ICP techniques was obtained by computing the
percent difference between duplicate analyses. Histograms of average and maximum percent
difference between duplicates are plotted in Figure 2. Scatter plots of major-element oxide by ICP
versus major-element oxide by XRF are shown in Figure 3. The histograms (Figure 2) and the
scatter plots (Figure 3) show that agreement between the two methods is excellent. Differences
between duplicate analyses for the major-element oxides was usually considerably better than 10%
for both ICP. The average differences between duplicate analyses for the minor-element oxides
(TiO2, P205, and MnO) were less than 10%, although one or two pairs of duplicates gave
maximum differences greater than 10%. The lower precision for the minor elements is due in part
to the fact that most concentrations of these elements are closer to the detection limits than those of
the major elements. Histograms for MnO by XRF are not included in Figure 2 because about half
of the samples were below the detection limit (0.02%) for that method. The XRF results for
major-element oxides were used for down-core plots and multivariate statistical analyses except
for MnO for which the ICP analyses were used. The average percent difference between
duplicates for the trace elements (Figure 2B) is generally better than 10%, with Cr and Pb having
the poorest precision.
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Figure 2. Histograms of maximum and average percent differences between duplicate pairs of
analyses of 12 samples from the Tule Lake core for major- and minor-element oxides by
XRF and ICP (A), and for trace elements by ICP (B).
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RESULTS AND INTERPRETATION

Results of analyses are presented in Appendix I, and plotted versus depth in Figure 4.
Summary statistics for each oxide or element are given in Table 1.

Table 1. Minimum, maximum, mean, and standard deviation of analytical results for
concentrations of major- and minor- element oxides (in percent) by XRF, for loss on ignition at
900° C (LOI-900), for concentrations of trace elements (in parts per million) by ICP, for percent
CaCO3 calculated from percent inorganic carbon, and for percents total carbon and organic carbon.

Oxide
or Standard
Element Minimum  Maximum __ Mean___ Deviation
SiOn 33.3 79.7 63.9 6.5
Alp03 3.7 17 11.1 2.8
Fe203 1.5 22.4 5.2 2.6
MgO 0.5 4.5 1.2 0.61
CaO 0.62 15.9 2.74 2.33
Nap0 0.68 3.33 1.38 0.51
K20 0.29 2.1 0.66 0.27
TiO7 0.22 0.95 0.61 0.15
P205 0.25 6.05 0.28 0.59
MnO 0.008 1.24  0.086 0.14
LOI-900 0.08 24.9 11.8 3.6
Ba 63 780 313 91
Ni 11 59 34 10
Co 5 43 16 5
Cr 26 96 58 13
Cu 11 76 45 13
La 4 22 12 3
\" 77 400 226 60
Pb 4 10 5 1
Sc 4 26 13 4
Sr 77 1100 251 127
Ce 8 50 28 8
Y 3 34 15 4
Zn 18 99 54 12
CaCO3 0 42.2 2.6 5.8
Total C 0 7.7 2.5 1.9
Org, C 0 7.6 2.2 1.8




Co2d 9 'dag Oun ag urdd O D0—COI) Ldojoyyr
I <0 o 8w 9 ¥ 2 0 1 (H1] 0 009 oot 0 Fot M I 0 ot 0z ol 0
R PR TR PP B - . ol E_r " ot
........... i d . -~ e
[T I 4 . * 2
+ !
. , u..
S S e EER Bkt B B N - 00t
.¢Q
i
| A
~ -
¢n.,..+ ezl
e —_ - ik TT|0se
.+.HHHH\ !
. ] .
At +1. ez
)
— - —I- - 002
SIIITPIIIIILE e #-=edrzzzIc .
4emez2ZI7) * .
[VH] T +w. ﬁ |
A |
Pﬁhﬁs’l 1*.\-;\.... * H -
=1 : L F—- - 06!
7
£
4
! .T,\QA & - ' +ezz]
M +4 e T LY ......‘“A..\..l .N.m.nu I . .
duzz .| --,‘.---V”.b ............ - 00T
T +t 4 u.uv:- i P +,,|.n,| N pamzs
et et <l -
1 * -A. Tomluuull s
.Tn},,._.
—— — | N - 0g
/>
A o
= e
el F S O s
- ,-.T.f & . .
S i _ " .
1 S0 g 9 ¥ 2 0 1 <0 0 009 oon 0 ¢ 2 1 0 o 0z ol 0
cozd 9 fag OUuN Jg udd 0dN DO—£:00t) Kdojoyyr

‘sagesoae Suiaow payyrom ojdwes-g|
Sursn pondwoo soAIND PIIOOWS e TIRP MEI OY) YSNoIy) SUI| PI[OS "oul] PIYSEP C YHM
pa1oouu0d sjoquids snjd £q poieoIpul oIe elep Mey BIUIOjIe)) ‘Oye] 9[nJ, woiy sordues
ur (pdop snsxoa (wdd “worppiu sod sued ur) sjuowopo aoen pue ‘(usa1dd ut) uogqrmes oruedio
pue €0pey ‘soprxo Juowopo-ofew Jo suonenuddouod Jo siopd pue Arewrwns o1fojoynry p amdul

s1ajaw ur yida(q

exyday,

Ltegy

His

Leip |




Figure 4 (Cont.)

OGYN

oGl

£0CIV/201S

€02ty

¢c01S

I g0 0 z 1 0 % b ! 0 cum_c_mkco vz ¢l ol .:n::o ow:mﬁ::ﬂ:::n. :o ca. . .oN.. . .coi%occﬁ.
o -cpozz]t i It
e | R "
+! "
+ Ta a
. L+ 4
4
) |
% (,
Y iy 1
- —_ ==\ - 062
! . L
+
9
* +esbo
\ I )
. It
: ] -00z 'Y
! ! ! =
2 g
‘ M 5
E
Lo eeezzpi 1 ) m
= & : mw.
- —|—- ) -ost o
s ~
W24 ﬁm.... ] n
LR <
N G
N bl 3 i QVW
N i 3
f\uuwmml w e Suﬂ..HHA _ 001
af =
- i
st § I
..\# .v
H.o
Aot .‘u.“.w #Hazzzzi] . 9., L
Nuw‘i w > !
oy Al ) — e - 08
b{nﬂ - - S e .
P
* t
*.. ) w.
YN Tt i { o
+“. Je f
% ]
*.nf:.. _ 77:\#1 ﬁ_ hs. rrrrtrfrrerer ey 0
I 90} 0 2 I 0 0 02 ¢ 01 ¢ 002 ¢ 0 ¢ 0 0z S 01 ¢ O oe

0N

£0cgo

£021V/2018

Loaly




Figure 4 (Cont.)

uy, wdd A undd G urdd N wdd n) wdd 1) urdd 0oy wudd
001 0% 0 ook 00S 0 ol G 0 09 or 0< 0 09 ov 0 vut 0% oy 02 0
S - TR T} TR S F—— dd PR SRV ) U N S - kol I B | Ll ot T T -1 N DU S T - cmM"
WY .....“‘. ;m
+2f N N o
’ -
*es e A s ooe
e
ezl
m»
* i
Illl!\‘\ ¥
+x e "X f;
- - | -052
. casl”
X + o.u-l.
< .ﬂ. +~nu.. Uu\”
+uﬁ, Sﬂ
O S o
—)ty -002 S
[yl o
#UVf m
+T.
o 2
-+ - #._, - 081 o
E: 3
r ..+ 72}
+\a.-m
vl
rLA.#
+}
3 N SR, = " - - 001
T3 N
+ 42270
- Lo+
pomezzzozot -=* + e b
e /% N
- -
: * e - - 08
2 A ﬂ,\
¢ ) AR A
h +«Z\ )
CH W b} R
3 A : w1
) i, it
o, %3 [ 2098 §
y—rEr— et -t s R -0
001 (VY 0 oot 00e 0 o1 S 0




U owadd oy urdd v udd 2) wdd eqp wdd sy wdd

Figure 4 (Cont.)

0 0 ot Oc o1 0 ..a o1 0 0S G2 0 000 oop 0 1,01 0S 0
by NTTETYIVI STTYTOTTT ITEENURETE ENSCER U L demerbmd. ¥V T S - bk IV 1 ITEENNE NS P T U N W cmﬂ
+ -
+ B Y/Wﬂ w
o+
i
a - - - 4 |-o0e
, L
ot tA
- = % - -0G2
T |
+~
- 1 {- 002
-+ . |
>+
- 2 _—t -|- 01
I
4 [
ZFt R
W....r.i B o\ —
i . . - -001
|\ E]
...... s I A 3 5
[ S HBRRRREECE B SR . ol . N
- - - [ A R 4 35 et il S
o — . - - -0S
+
* "y i
ot t
“ +¢u AT.W
“Y4 3 MWE: iy "
» A AT - ¥
Lu‘f [ M J..-..f- .J.u-
—r— —tr—r rerrrr et} - e e B e e AR —— e SREARRELES suLs S
oe . 0 e 02 0 0e [12¢ 0 08 s2 0 00g ooy 0 001 0¢ 0

0%
A wdd og wdd e wdd o) wdd eq wdd sy wdd

siajowr ur yidsQqg
10



Based on preliminary sediment descriptions (Adam and others, 1989), the main sediment
components of the Tule Lake core can be described in terms of a clastic component, CaCO3,

diatoms, and organic matter. Except for biogenic SiO, from diatom debris, estimates of these

components can be obtained from the geochemical results (Figure 1). Because diatom debris is
abundant in some parts of the section, the total SiO values listed in Appendix I and plotted in

Figure 1 are composites of nonbiogenic (clastic) SiOy and biogenic SiO, (diatom debris). In an
attempt to obtain an estimate of these two different forms of SiO, I assumed, for reasons that will
be discussed below, that the clastic fraction had average SiO4 and Al,O3 contents similar to an

average for Medicine Lake volcanics that cover much of the drainage basin of Tule Lake. The
average SiO,/Al,O5 ratio in 145 XRF analyses of this material is 3.5 (data provided by Julie

Donnelly-Nolan, USGS, Menlo Park). I therefore assumed that average clastic sediment entering
Tule Lake had this same average ratio, and I multiplied each value of Al,O3 by 3.5 to obtain an

estimate of niobiogenic SiO2. The biogenic SiO, content was computed by subtracting the
nonbiogenic SiO; value from total SiO for each sample.

In order to objectively examine relations among the numerous geochemical variables, and
to provide a geochemical zonation of the core based on principle element associations, I ran a Q-
mode factor analysis using the extended CABFAC program of Klovan and Miesch (1976). Prior
to running the factor analysis, concentrations of all oxides and elements were transformed to
proportions of the total range for each oxide and element. As a result of the transformation, all
data were expressed on a scale of 0.0 to 1.0. After trying several different sets of reference axes in
multidimensional space, I chose four orthogonal reference axes (4-factor solution) that maximize
the variance of the transformed data in each dimension (varimax solution of Klovan and Miesch,
1976). The 4-factor model accounted for more then 55% of the variance in the scaled data for each
variable, with an average of 70%. Basically, the 4-factor model reduced 24 measured variables
(oxide and element concentrations) to four "composite” geochemical variables (factors). The
intensities of the composite geochemical variables are the factor loadings. The loadings for each of
the four factors for each sample are plotted versus depth in Figure 5.

11
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The factor loadings describe the relative importance of each of the factors for each
sample, but give no indication of which of the elements had the most influence on determining
each of the four factors. In order to determine which elements contributed to which factor, the
factor loadings for each sample were treated as composite chemical variables with attributes of one
or more actual measured variables, and correlation coefficients were computed between the
loadings and the 24 measured variables. Results of the correlation analysis are given in Table 2.

Table 2. Correlation coefficients between Q-mode factor loadings and concentrations of major-
and minor-element oxides, and trace elements in sediment samples from the Tule Lake core.

Oxide
or
Element FactorI Factor I Factor II Factor IV
Si0O2-nonbio. 0.85 -0.67 -0.23 -0.29
SiO2-bio -0.65 0.82 -0.01 0.06
Al203 0.85 -0.67 -0.23 -0.29
Fep03 0.00 -0.37 -0.09 0.65
MgO -0.23 -0.60 0.67 0.07
CaO -0.43 -0.42 0.80 0.14
Naz0 0.38 -0.65 0.38 -0.52
K20 0.43 -0.58 0.23 -0.57
TiO?2 0.86 -0.48 -0.54 0.02
P05 -0.20 -0.13 0.07 0.37
MnO -0.23 -0.30 0.07 0.64
Ba 0.65 -0.68 -0.13 -0.07
Ni 0.66 -0.23 -0.50 0.06
Co 0.67 -0.41 -0.43 0.06
Cr 0.60 -0.37 -0.30 0.02
Cu 0.68 -0.34 -0.53 0.19
La 0.83 -0.50 -0.55 -0.03
A"/ 0.01 0.32 -0.37 0.54
Pb 0.58 -0.33 -0.25 -0.42
Sc 0.43 -0.42 -0.45 0.58
Sr -0.06 -0.57 0.71 -0.16
Ce 0.79 -0.47 -0.55 0.02
Y 0.58 -0.42 -0.53 0.36
Zn 0.84 -0.43 -0.55 -0.06
CaCO3 -0.47 -0.29 0.47 0.54
Org-C -0.40 0.51 0.30 -0.27

The correlations between factor loadings and geochemical variables (Table 2) indicate
four element associations (factors) that can be used to zone the core based on the geochemical
results (Adam and others, 1989). Factor I groups samples based on concentrations of Ti,
nonbiogenic Si, Al, La, Zn, Ce, Cu, Ba, Ni, Co, Y, Pb, Cr, and Sc, in order of decreasing
correlation coefficients in Table 2. Figure 5 shows that sediments characterized by Factor I
predominate throughout most of the recovered section in Tule Lake except in some beds in the
carbonate-rich interval between 70 and 120 m.

13



Factor II groups biosiliceous, OC-rich samples. These samples occur in several beds
within the carbonate-rich interval (70-120 m), within the organic-rich interval between 130 and 160
m, and at the bottom of the core (Figure 5). This zonation is based mainly on the concentrations of
biogenic SiO, and organic carbon (Table 2).

Factor III sediments are those that contain the highest concentrations of CaCO3 in the

interval between 70 and 120 m. These carbonate-rich sediments also contain the highest
concentrations of the carbonate-related elements Sr and Mg. Notice in Table 2 that the strongest
variable in this carbonate association is CaO and not CaCO3. The CaO values are total calcium

measured by XRF and include both clastic calcium and calcium from CaCO3. The CaCO3 values

were calculated from inorganic carbon. The fact that CaO is the strongest variable in the carbonate
association suggests that analytically the CaO values provide a better estimate in the variations in
CaCOg than inorganic carbon. A scatter plot of CaCO3 computed from both CaO and carbonate

carbon (both values listed in Appendix I) is shown in Figure 6. The values calculated from CaO
are usually higher because of calcium from the clastic fraction.

Factor IV is weak, but appears to reflect variations in redox conditions within the lake.
Factor IV sediments have relatively high concentrations of Fe, Mn, Sc, V, and P. CaCOj3

computed from carbonate carbon also contributes to this association (Table 2).

I interpret factor I sediments to represent a volcanic-ash association characterized by
relatively high concentrations of Ti, nonbiogenic Si, Al, rare-earth elements, and trace transition
elements. The raw geochemical data (Figure 4) and distribution of factor loadings (Figure 5) show
that Tule Lake sediments are characterized by a predominant igneous rock component with varying
amounts of biogenic silica (diatom debris) and organic matter, and, in a few beds, minor amounts
of carbonate. The igneous rock component consists mainly of locally derived basic tephra with at
least 12 acidic tephra layers that are widely distributed in the Pacific Northwest and provide the
basis for regional correlations and tephrochronology of the Tule Lake core (Sarna-Wojicicki and
others, 1988; Adam and others, 1989; Rieck and others, 1992).

In order to determine how much of the composition of the Tule Lake sediments can be
explained in terms of the igneous rock component, a standard reference material is needed. An
ideal reference would be the average composition of rocks in the drainage basin of Tule Lake.
Lacking this information, I chose analyses of 145 samples of volcanic rocks from the Medicine
Lake Highlands just south of Tule Lake (Figure 1) provided by Julie Donnelly-Nolan (Donnelly-
Nolan and Nolan, 1986) as the basic igneous end member. The average of these analyses I will
call MLV. Concentrations of major- and minor-element oxides were determined for all 145 MLV
samples, but concentrations of only a few trace elements (Ba, Cu, Ni, Sr, Y, and Zn) were
determined on a subset of the MLV samples. Because of the limited trace-element data for MLV,
I also compared the Tule Lake ash to USGS standard basalt BCR-1 because there are more
extensive trace-element data for this standard (Flanagan, 1969). For the acidic end member, I used
USGS standard RGM-1, a rhyolite from Glass Mountain in the Medicine Lake Highland (Figure
1) (Tatlock and others, 1976). I chose sample 986 from a depth of 51.1 m (Appendix I) as a
reference volcanic ash from the Tule Lake core. This sample probably represents a good average
ash-rich sediment for the Tule Lake core because it comes from an interval in the core (50 to 65 m)
that was deposited very slowly and contains several heterogeneous reworked tephra units (Adam
and others, 1989; Rieck and others, 1992). A second reference analysis from the Tule Lake core is

simply an average of analyses of all Tule Lake samples (Appendix I). These reference analyses
are listed in Table 3.

14
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Table 3. concentrations of major- and minor-element oxides (in percent) and trace
elements (in parts per million, ppm) in comparative standard materials. Leaders (--)
indicate no analysis available.

Oxide Medicine Lake Average
or Volcanics Basalt Rhyolite ~ Tule Lake Tule Lake
Element (MLV) (BCR-1) (RGM-1) 986 Sediment
Si02 58.0 54.5 73.4 56.7 64
A1203 16.7 14.0 13.7 16.4 11.2
Fe203 7.14 13.0 1.73 7.1 5.2
MgO 4.39 3.46 0.29 1.65 1.18
CaO 6.73 6.92 1.17 23 2.81
Na20 3.65 3.27 4.18 1.72 1.39
K20 1.76 1.7 4.34 1.07 0.67
TiO2 0.88 22 0.26 0.92 0.61
MnO 0.12 0.18 0.05 0.18 0.09
P205 0.19 0.36 0.04 0.2 0.27
Ba 551 675 705 360 314
Co -- 38 -- 26 16
Cr - 18 3 76 58
Cu 79 18 10 56 46
La - 26 -- 18 12
Ni 106 16 -- 58 34
Pb -- 18 21 7 5
Sc -- 33 55 20 13
Sr 182 330 111 240 250
A% -- 400 13 160 230
Y 26 37 26.7 21 15
Zn 64 120 -- 71 53
Ce -- 54 -~ 36 28

Figure 7 shows log-log plots of concentrations of major- and minor-elements oxides (in
percent) in Tule Lake sample 986 versus those in the MLV and RGM-1 standards, and
concentrations of trace elements (in parts per million) in Tule Lake sample 986 versus those in the
MLV and BCR-1 standards. Figure 7A and B shows that the major- and minor-element
composition of sample 986 is closer to the basic end member (MLV) than to the acidic end
member (RGM-1), particularly when considering those oxides that are least likely to be affected by
weathering (SiO2, AlpO3, Fe203, and Ti0O)). Tule Lake sample 986 is depleted in alkaline-earth-
and alkali-element oxides CaO, MgO, Nap0, and K7O relative to MLV, and this probably reflects
removal of these elements by weathering. Tule Lake ash, represented by sample 986, is depleted
in most trace elements relative to BCR-1. They are distinctly enriched in Cr, Cu, and Ni relative to
BCR-1 (Figure 7C), but are somewhat depleted in Cu and Ni relative to MLV (Figure 7D). Table
3 shows that average Tule Lake sediment has a composition similar to that of ash sample 986, but
1s enriched in SiO7 because of inclusion of biogenic SiO7 from diatoms. In summary, it appears
that the detrital clastic material that reached the Tule Lake basin throughout the history of the lake
was derived from weathered volcanic rocks from the Medicine Lake Highlands (Figure 1). In the
lake, the detrital clastic material was diluted by major amounts of biogenic SiO2 and minor
amounts of carbonate and organic matter. In other words, the sediments of Tule Lake are
composed mainly of weathered volcanic ash and diatoms.
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As explained earlier, I used the SiO»/Al,O3 ratio in the MLV standard (3.5; Table 3) and
the Al,O3 content of each sample to compute the concentration of nonbiogenic SiO,. Percent
biogenic SiO, is then calculated by subtracting % nonbiogenic SiO, from total SiO,. Using
these calculations, average Tule Lake sediment contains 39.2% nonbiogenic SiO, and 24.8%
biogenic SiO5. Down-core variations of the computed estimates of these two forms of SiO, are

shown in Figure 8 along with down-core variations in organic carbon repeated from Figure 4.
Q-mode factor II suggested that biogenic silica and organic matter were closely
associated. Intuitively, this is what one might expect because most of the organic productivity in
Tule Lake probably was from diatoms. However, based on all samples, the concentration of
biogenic SiO5 does not correlate very well with that of organic carbon (r=0.20, n=131). I used the

moving correlation coefficient technique of Dean and Anderson (1974) to determine if there were
any parts of the Tule Lake sequence where biogenic SiO; and organic carbon were more positively

correlated than others (Figure 8). This technique computes correlation coefficients between two
variables over a predetermined stratigraphic window that is moved down the section one point at a
time. For the Tule Lake sequence I used a window that was 11-samples long so the coefficients
plotted in Figure 8 represent correlations between samples 1-11, 2-12, 3-13, etc. Figure 8 shows
the weak overall positive correlation between these two variables, but also shows that there are
some intervals of much stronger positive correlation (r>0.4). In general, these intervals of strong
positive correlation correspond to intervals of higher organic carbon content, particularly in the
upper part of the sequence.

The factor analysis indicated that the sediments from Tule Lake could be described in
terms of a four-component system of clastic material, carbonate, organic matter, and diatom
debris. Based on the above discussion, the amounts of these components can be quantified.
Assuming that the average clastic fraction has an Al,O3 concentration similar to that of average

Medicine Lake volcanics (i.e. about 16.5; Table 3), then an average measured concentration of
Al,O3 of 11.2% (Table 3) indicates that the average Tule Lake sediment is about 68% clastic

material, derived mainly from basic igneous rocks in the drainage basin. The average
concentration of organic matter would be about twice the organic carbon concentration or about
4.5%. The average concentration of CaCO3 (computed from carbonate carbon) is 2.6% (Table 1),
and the average computed biogenic SiO, content is 24.8%. These values add up to 99.9% and
show that, on average, basic igneous rock debris makes up the bulk of Tule Lake sediment. The
average loading for the clastic factor from the Q-mode analysis (Factor I) is 0.7, and the variations
in Factor I loadings (Figure 5) can be used as a rough estimate of the proportion of the clastic
fraction, ranging from as much as 0.9 (90%) to zero or near zero in lacustrine beds rich in
carbonate, diatoms, and organic matter.
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moving correlation coefficients between biogenic SiO, and organic carbon verus depth

for samples from Tule Lake, California. (See text for methods of computing nonbiogenic
SiO,, biogenic SiO, and moving correlation coefficients.)
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APPENDIX I

Chemical analyses of samples from Tule Lake, California. Analyses of major- and minor-
element oxides (in percent) and trace elements (in parts per million) by induction-coupled plasma
spectrometry (ICP), L.R. Layman and P. H. Briggs, analysts, are indicated by -I. All other
analyses of major element oxides are by X-ray fluorescence (XRF), J. E. Taggart and K. C.
Stewart, analysts.
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