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ABSTRACT

Trace element contents (Sr, Mg, Mn, and Fe) and the composition of oxygen and carbon isotopes show that late bur-
ial diagenesis did not play an important role in pelagic carbonate chemistry in the bulk carbonates recovered from Holes
638B, 638C, and 641C (except for anoxic pore-water diagenesis in Valanginian sediments). The evolution of these differ-
ent geochemical markers documents the importance and global extent of the Barremian ocean chemistry crisis. A recon-
struction of paleoceanographic and climatic conditions during the Early Cretaceous is proposed. Sea level rose eustati-
cally from the early Hauterivian to early Albian, but a rapid down and up fluctuation occurred during the Barremian.
Soluble supply from the continent decreased during the Valanginian-early Hauterivian while oceanic hydrothermal sup-
ply increased. The climate cooled slightly during the Hauterivian, rapidly warmed during the Barremian, and cooled

again during the Aptian.

INTRODUCTION

Previous studies of pelagic sediments from various Deep Sea
Drilling Project (DSDP) sites and continental outcrops (summa-
rized in Renard, 1985, 1986b) have shown several things. First,
these studies have documented that the influence of late burial
diagenesis on the geochemistry of these sediments is considera-
bly less than was originally thought (Veizer, 1977; Renard, 1979;
Renard et al., 1978; Baker et al., 1982). Second, numerous
chemical fluctuations, such as changes in Sr/Ca, Mg/Ca, and
3C/12C ratios, have occurred in the ocean during the last 140
m.y. Fluctuations may be controlled by variations in submarine
hydrothermal activity, which modify chemical element produc-
tion or consumption at mid-ocean ridges, and by sea-level fluc-
tuations, which control the chemical element input/output from
the ocean via the erosion/sedimentation balance. Third, the
studies have shown that bulk carbonate geochemistry data are
important in both paleoceanography and stratigraphy.

An important change in ocean chemistry that occurred dur-
ing the Barremian (Renard, 1986a) seems to mark the transition
between the modern ocean and the ancient Jurassic ocean (Sliter
and Premoli Silva, 1985). The purpose of this work was to find
if this change is recorded in the sediments recovered during
Ocean Drilling Program (ODP) Leg 103.

METHODS

Abundances of strontium, magnesium, manganese, and iron relative
to the carbonate fraction were measured in samples ranging in age from
Valanginian to Albian (40 samples from Hole 638B, 12 samples from
Hole 638C, 6 samples from Hole 639D, and 35 samples from Hole
641C). After crushing, the samples were washed with distilled water to
eliminate interstitial water. The conductivity of the wash water was mea-
sured after each centrifugation, and treatment was stopped when the de-
creasing conductivity reached a plateau. X-ray diffraction (Compagnie
Générale de Radiologie apparatus) revealed mainly low-magnesium cal-
cite, but traces of dolomite and siderite were also observed in samples
from Holes 638C and 639D. The presence of several different mineral-
ogical types of carbonates, in addition to an overall low carbonate con-

1 Boillot, G., Winterer, E. L., et al., 1988. Proc. ODE Sci. Results, 103: Col-
lege Station, TX (Ocean Drilling Program).
2 Also at: B.R.G.M., Orléans, France.

tent, led to the rejection of samples from Holes 638C and 639D for trace
element analysis; however, a few samples from these two holes were used
for the isotope study.

After pretreatment, the samples were dissolved in 1 N acetic acid.
Trace element analyses were conducted by atomic absorption on an IL
551 apparatus. To compensate for possible contamination resulting from
flushing of the insoluble residue (i.e., interlayer cations in clay miner-
als), the results shown in Figures 1 and 2 are normalized to a 100%
CaCO, sediment using the equation of Renard (1985), as for Sr:

Srygp = [Sr (ppm) x CaCOy; (%)]/100

Oxygen and carbon isotope ratios were measured on a VG Micro-
mass 602 mass spectrometer. Results are given in parts per mil (%) with
respect to the PDBI standard. The non-normalized analytical results are
summarized in Table 1.

TRACE ELEMENT RESULTS

Evolution vs. Depth at Hole 641C

Samples studied from Hole 641C range in age from Albian
(Sample 103-641C-1R-1, 10-12 cm; 160 m below seafloor [mbsf])
to late Barremian (Sample 103-641C-16R-8, 55-57 cm; 305.05
mbsf). Lithology (see “Site 641 chapter; Shipboard Scientific
Party, 1987b) varies from greenish gray and black claystone
(lithologic Unit IIIB, Albian), to greenish gray marlstone with
limestone conglomerate and microturbidites (Units IV and V,
Aptian), and to gray marlstone with microturbidites (Unit VI,
upper Barremian). Because of the low carbonate contents, re-
sults from Cores 103-641C-1R and 103-641C-3R should be
viewed with caution.

Strontium

Sr content increases with depth in Hole 641C, from about
200 ppm in Core 103-641C-1R to about 700 ppm in Sample 103-
641C-16R-8, 55-57 cm. In addition to this general trend, short-
term fluctuations in Sr content allow us to distinguish four geo-
chemical zones in the hole (Fig. 1):

1. Zone I: Samples 103-641C-1R-1, 10-12 cm, to 103-641C-
7R-1, 115-117 cm, (160 to 209.85 mbsf) have a low Sr content
(about 200 ppm).
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Table 1. Results of carbonate trace elements and carbon and oxygen isotopes analyses.

Depth

CaCo,

Sr

Mg

Mn

Fe

Sample (mbs (%) (pm) (ppm) (ppm) (ppm) ¢ "o
Hole 641C
1R-1, 1012 cm 160.00 21.61 802 5978 1038 89
IR-5, 36-38 cm 166.26 25.87 770 7266 4168 150
3R-2, 139-14] em 172.99 17.42 648 6160 2093 148
6R-3, 105-107 cm 203.05 46.34 569 2232 2178 124 3 -0.63
TR-1, 115-117 cm 209.85 28.55 554 2193 1246 68
7R-2, 4345 cm 210.63 4].46 498 2388 2418 256 2.67 -1.16
8R-1, 70-72 cm 219.10 56.37 635 3409 8304 1030
8R4, 116-118 cm 224.06 49.61 557 4084 2132 817 1.57 0.76
9R-3, 120-122 cm 232.20 43.38 686 2550 1668 801 1,36 -1.26
10R-1, 18-20 cm 237.78 68.319 574 1827 2640 1976
10R-3, 18-20 cm 241,95 74.4]1 436 1865 2238 3006 1.43 —1.47
10R-5, 102-104 cm  244.62 62.89 612 2105 1096 1613
10R-6, 58-60 cm 245.68 74.97 497 2122 1318 2040 1.39 -1.07
11R-1, 63-65 cm 247.93 71.75 538 2250 1078 1668 1.34 -0.96
11R-3, 85-87 cm 251.15 87.30 395 2063 1386 2374
11R-4, 129-131 cm  253.09 90.45 380 2391 853 1163 1.51 -0.49
12R-1, 90-92 cm 257.82 76.06 544 2668 753 1301
12R-2, 90-92 cm 259.30 BB.16 461 2633 991 1735 1.52 -1.35
12R-4, 60-62 cm 261.00 86.98 479 2661 736 2187
12R-6, 50-52 cm 264.50 54,37 660 3321 824 1763
13R-1, 112-114 cm  267.62 79.29 530 2565 718 2447 1.62 - 1.88
13R-2, 11-13 cm 269.15 87.88 597 2818 747 1381
13R-3, 60-62 cm 270.10 75.09 h1:5] 2540 685 2238
14R-1, 78-80 cm 276.98 85.46 574 2887 592 1021 1.23 -1.52
14R-3, 105-107 cm 280.25 88.49 622 2879 673 703 1.36 -1.5
14R-4, 95-97 cm 281.65 89.65 618 2843 726 658 1.27 - 1.46
14R-6, 88-90 cm 284.58 83.12 698 3156 588 890 1.62 -1.99
15R-1, 128-130 cm  287.08 88.10 781 3280 598 824 .78 -2.22
15R-3, 102-104 cm 289.82 60.40 682 3528 314 1135 1.86 -1.78
15R-4, 128-130 cm 291.58 89.40 607 2919 412 1339 1.73 -2.17
16R-2, 105-107 cm  298.05 72.37 573 2070 609 2327 1.67 -2.62
16R-3, 105-107 cm  299.55 57.82 703 61 382 1264 206 -2.2
16R-4, 115-117 cm 301.15 86.93 649 2900 487 1303 1.84 -2.36
16R-6, 48-50 cm 303.48 91.39 539 2633 526 512
16R-8, 55-57 cm 305.05 86.14 799 3667 290 661
Hole 638B

21R-1, 90-92 cm 191.00 88.89 673 3126 361 393 1.62 -0.78
21R-5, 40-42 cm 196.50 90.69 477 2694 349 273
22R-1, 100-102 cm 200.70 92.14 477 2789 304 256 0.97 -0.31
22R-5, 40-42 ¢cm 206.10 88.91 523 3312 255 407
23R-1, 15-17 cm 209.45 60.01 620 5536 245 925 1.24 -0.48
23R-3, 90-92 cm 212.20 54.41 519 3484 269 831 1.85 0.13
23R-5, 60-62 cm 21590 73.79 460 3283 448 1786 1.55 0.03
23R-6, 60-62 cm 217.50 73.12 432 3126 348 1986 1.51 0.01
23R-2, 65-67 cm 220.95 67.56 470 3267 346 2212
24R-5, 50-52 cm 225.30 T1.18 453 3248 595 3120 1.39 -0.17
25R-1, 80-82 cm 229.20 77.13 400 2747 753 3289
25R-4, 105-107 cm  233.95 61.88 463 3145 121 3360 1.37 -0.19
25R-6, 75-77 cm 236.65 59.76 474 3547 709 3660
26R-2, 90-92 cm 240.50 58.71 556 4004 B56 3203
26R-5, 125-127 em 245.35 59.717 590 4545 1043 3082
27R-3, 116~118cm  251.86 62.99 589 3894 755 3210 1.59 - 0.46
27R-6, 100-102 cm 256.20 61.08 566 4464 1003 3650 )
28R-3, 80-82 cm 261.10 57.84 668 5164 790 2997 1.64 -0.54
28R-6, 30-32 cm 265.10 80.99 464 3167 1120 3931
29R-2, 105-107 cm 269.95 71.16 487 3390 1640 4257 1.58 -1.31
30R-1, 55-57 cm 271,25 67.33 526 2644 1314 2804
30R-3, 101-103 em 280.76 55.93 608 2878 1239 2438 1.79 -1.14
30R-5, 10-12 cm 283.86 42.03 716 3098 2494 1379
31R-1, 120-122 cm 287.50 47.09 723 3090 3285 1556
3IR-3, 115-117 cm  289.45 67.36 492 2024 3373 2143 1.78 -1.89
32R-1, 56-58 cm 296.56 77.54 355 2074 1793 2106
32R-2, 80-82 cm 298.30 80.60 311 1611 1587 3065 1.05 -3.08
33R-2, 50-52 cm 307.60 52.17 747 5046 1338 1940
33R4, 100102 cm  311.10 44.30 752 5188 1553 2283 0.43 -1.47
34R-1, 115-117cm  316.45 33.85 678 5047 753 2702
34R-3, 91-93 cm 319.21 31.09 742 6293 1120 2957
35R4, 4547 cm 329.85 42.60 570 4919 778 3076
35R-5, 112-114 cm  332.02 42.44 584 4817 902 3188 -1.29 -1.30
36R-2, 25-27 cm 336.25 45.84 573 10884 692 7833 -0.82 -1.22
37R-1, 60-62 cm 344.80 20.69 643 15893 752 12236
38R-1, 17-19 cm 35397 53.66 283 3241 2004 9798 -6.01 —4.88
41R-1, 105-107 cm 382.85 95.20 541 33809 1260 29819
42R-1, 45-47 cm 392.95 62.52 398 4548 1291 10454
43R-2, 67-69 cm 403.37 75.61 394 3655 1078 6644
45R-1, 95-97 cm 422 .45 2.7 453 32116 1838 29572
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Figure 1. Trace element contents and §'30 and §'3C of bulk carbonates from Hole 641C. Age from Leg 103 biostratigraphic data (Shipboard Scientific Party, 1987b).
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2. Zone II: Samples 103-641C-7R-1, 115-117 c¢m, to 103-
641C-9R-3, 120-122 cm, (209.85 to 232.20 mbsf) have an in-
creasing Sr content to about 350 ppm in Sample 103-641C-8R-1,
70-72 cm. The upper and lower boundaries of this zone corre-
spond to negative shifts in the Sr content.

3. Zone III: Samples 103-641C-9R-3, 120-122 cm, to 103-
641C-15R-3, 102-103 cm, (232.20 to 289.82 mbsf) continue the
increase of Sr content to a culmination at 688 ppm, in Sample
103-641C-15R-1, 128-130 cm. Two subzones can be distin-
guished. The upper subzone IIIA has a slight increase in Sr con-
tent, and the lower subzone IIIB has a sharp increase. The
boundary between these two subzones is at Sample 103-641C-
13R-1, 112-114 cm (267.62 mbsf).

4. Zone IV: Samples 103-641C-15R-3, 102-103 c¢m, to 103-
641C-16R-8, 55-57 cm, (289.82 to 305.05 mbsf) have Sr concen-
trations that remain high (between 400 and 700 ppm) but show
great variability. Two subzones can be distinguished, the upper
subzone IVA with generally decreasing Sr concentrations and
the lower subzone IVB in which the concentrations generally in-
crease.

Magnesium

Despite having great variability as a result of low carbonate
content in some parts of this hole, the general trend of Mg con-
centration is the same as that observed for Sr. Concentrations
increase from about 1300 ppm (Sample 103-641C-1R-1, 10-12
cm) to 3158 ppm (Sample 103-641C-16R-8, 55-57 cm). Short-
term fluctuations allow us to distinguish the same four geo-
chemical zones as for Sr (Fig. 1).

Manganese

Downhole trends in Mn contents at Hole 641C can be di-
vided into two sections (Fig. 1):

1. From Core 103-641C-1R to Sample 103-641C-8R-1, 70-
72 cm, (160-219.10 mbsf) Mn concentrations are less than 1100
ppm, with a sharp increase to 4600 ppm between Samples 103-
641C-1R-7, 115-117 ¢m, and 103-641C-8R-1, 70-72 cm.

2. From Samples 103-641C-8R-1, 70-72 cm, to 103-641C-
16R-8, 55-57 cm, (219.10-305.05 mbsf) there is an overall de-
crease in Mn concentration. In detail, concentration decreases
sharply to Sample 103-641C-9R-3, 120-122 cm (723 ppm), in-
creases in Sample 103-641C-10R-1, 18-20 ¢cm (1805 ppm), and
progressively decreases to the bottom of the hole (250 ppm).

The short-term fluctuations lead us to distinguish the same
four geochemical zones as for Sr and Mg.

Iron

The upper part of Hole 641C (above 232.20 mbsf) is charac-
terized by low Fe content, whereas the lower part of the hole
(below 232.20 mbsf) has a high Fe content (Fig. 1). As in the
preceding, the four geochemical zones can be distinguished.

1. Zone I: Very low Fe contents (lower than 100 ppm).

2. Zone II: A slight increase in Fe concentration that reaches
500 ppm.

3. Zone l1I: A sharp increase in Fe content in the upper part
of this zone (1500-2500 ppm) is followed by a progressive de-
crease to a concentration of less than 1000 ppm.

4. Zone IV: Another increase in Fe content that is followed
by a slight decrease.

Based on Fe/Mn ratios, Hole 641C sediments can be divided
into two sections. In zones I and II, the Fe/Mn ratio is much
less than 1, whereas in zones III and IV it is greater than 1 (see
the following discussion).
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Trace Element Zonation and Biostratigraphy

Not only are geochemical zonations of the four trace ele-
ments the same at Hole 641C, there is also relatively good agree-
ment between these geochemical zones and the biostratigraphy
defined by Moullade et al. (this volume). The geochemical zone
I/zone II boundary is close to the Aptian/Albian boundary.
Zone II coincides approximately with the upper Aptian, and
zone IIIA corresponds to lower Aptian. The zone IIIA/zone
IIIB boundary is close to the Barremian/Aptian boundary
(Fig. 1).

Evolution vs. Depth at Hole 638B

Samples studied from Hole 638B range in age from late Bar-
remian (Sample 103-638B-21R-1, 90-92 cm) to late Valanginian
(Sample 103-638B-45R-1, 95-97 cm). Lithology varies from lime-
stone and marlstone (Subunit ITA, Barremian), to nannofossil
marlstone (Subunit IIB, Hauterivian and uppermost Valangin-
ian), and to claystone/marlstone turbidites (Subunits IIIA and
I11B, upper Valanginian). Details of the lithology can be found
in the “Site 638" chapter (Shipboard Scientific Party, 1987a). In
the lower part of Hole 638B (from Sample 103-638B-36R-2, 25-
27 cm), numerous samples were not considered in this study due
to low CaCO, content and/or the presence of dolomite or sider-
ite.

Strontium

Sr content decreases with depth, from 598 ppm in Sample
103-638B-21R-1, 90-92 cm, to 152 ppm in Sample 103-638B-
38R-1, 17-19 c¢m (Fig. 2). This relationship is the opposite of
that observed in Hole 641C (see the following discussion).

Five geochemical zones can be distinguished in Hole 638B,
but the upper boundary of the lowermost zone is uncertain be-
cause of unreliable results from samples containing dolomite.

1. Zone I: From 191 to 212.20 mbsf (Samples 103-638B-
21R-1 90-92 c¢m, to 103-638B-23R-3, 90-92 cm) Sr content de-
creases from 598 to 282 ppm.

2. Zone II: From 212.20 to 261.10 mbsf (Samples 103-638B-
23R-5, 60-62 c¢cm, to 103-638B-28R-3, 80-82 cm) the Sr content
increases slightly to 386 ppm. A weak negative excursion at
236.65 mbsf (Sample 103-638B-25R-6, 75-77 cm) separates this
zone in two subzones.

3. Zone III: From 261.10 to 298.30 mbsf (Samples 103-
638B-28R-6, 30-32 cm, to 104-638B-32R-2, 80-82 cm) Sr con-
centrations decrease from 386 to 256 ppm, and they increase at
307.60 mbsf (Sample 103-638B-33R-2, 50-52 cm).

4. Zone IV: From 307.60 to 344.80 or 353.97 mbsf Sr con-
tent decreases to about 130-150 ppm. Because of the presence
of dolomite, the exact location of the lower boundary cannot be
precisely defined.

5. Zone V: Below 353.97 mbsf the Sr content remains low,
but the scarcity of reliable samples does not permit us to define
this zone distinctly.

Magnesium

Despite being highly variable, the general trend in Mg con-
tent is, as for Sr, a decrease, from 2780 ppm at 191 mbsf to 1740
ppm at 353.97 mbsf (Fig. 2). Short-term fluctuations enable us
to distinguish the same five geochemical zones as for Sr, but
zone 111 can be separated into three subzones by distinctive neg-
ative excursions.

As we observed in Hole 641C, Mg and Sr contents covary,
which permits excellent stratigraphic discrimination (see the fol-
lowing discussion).

Manganese

The overall trend of the Mn curve can be divided in two
parts: (1) an increase in Mn content from about 278 ppm at 191
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Figure 2. Trace element contents and §'%0 and '*C of bulk carbonates from Holes 638B and 638C. Age from Leg 103 biostratigraphic data (Shipboard Scientific Party, 1987b). D = dolomitic
samples.

SALVNOHIVD SNOFOVLAYD NI SHdOLOSI ANV SINHWHTH HOVI.L



S. CLAUSER, M. RENARD, G. RICHEBOIS

mbsf to 2272 ppm at 289.45 mbsf (Sample 103-638B-31R-3,
115-117 cm) and (2) a decrease to 156 ppm from 289.45 to
344.80 mbsf (Fig. 2). Medium values (around 1000 ppm) occur
again in the lower part of the hole.

As for Sr and Mg, the same five geochemical zones can be
distinguished: zone I with low values, zone 11 characterized by a
slight increase in Mn, zone I1I with a very strong increase in Mn
content, zone IV with low values, and zone V with medium val-
ues.

Iron

Pelagic carbonate Fe concentrations increase with depth in
the hole from 249 ppm (191 mbsf) to 9543 (422.45 mbsf). Zone
1 is characterized by low values, and zone II by an increase of Fe
contents. Zone III is more complex, with medium values overall
and a distinct negative excursion. Zone IV is characterized by an
important increase in Fe content, and zone V has a high Fe con-
tent.

Trace Element Zonation and Biostratigraphy

Agreement between the geochemical and biostratigraphic zo-
nations is not as good as for Hole 641C. The boundary between
zones I and II is in good correspondence to the Barremian/
Hauterivian boundary, but the Hauterivian/Valanginian (as de-
fined by Moullade et al., this volume) does not correspond with
either the boundary of geochemical zones II and III, or the
lower boundary of zone III.

STABLE ISOTOPE RESULTS

Evolution vs. Depth at Hole 641C

Oxygen

The overall trend of 6'80 decreases with depth from —0.63%;
in Sample 103-641C-6R-3, 105-107 cm (203.05 mbsf) to —2.62
in Sample 103-641C-16R-2, 105-107 ¢cm (298.05 mbsf) (Fig. 1).

Two major breaks in the '0 trend are at 253.09 mbsf (Sam-
ple 103-641C-11R-4, 129-131 cm) and 298.05 mbsf (Sample
103-641C-16R-2, 105-107 cm). The first one corresponds to a
positive excursion (—0.49%o) that separates the upper part of
the hole, where 6'30 decreases moderately, from the lower part
of the hole, where it decreases sharply. The second major break
is a negative shift that precedes a sharp increase of '%0 in the
deepest part of the hole. These breaks do not coincide with the
biostratigraphic boundaries; the first one occurs within the lower
Aptian section and the second one within the upper Barremian
section.

Carbon

In the upper part of the hole, '*C decreases sharply from
high values (+3.71%p in Sample 103-641C-6R-3, 105-107 cm)
that are characteristic of the Aptian/Albian boundary (Renard,
1985) to + 1.36%o (232.20 mbsf; Sample 103-641C-9R-3, 120-122
cm) (Fig. 1). Below 232.20 mbsf, §'3C increases slightly to + 2.06%
in Sample 103-641C-16R-3, 105-107 cm (299.95 mbsf). Within
this slight increase is a minor negative excursion in Core 103-
641C-14R (276.98 to 281.65 mbsf). An important negative shift
occurs in the deepest part of Hole 641C in Sample 103-641C-
16R-6, 48-50 cm (+0.22%0). Such a negative shift has already
been documented in various other uppermost Barremian sites
(Schuber, 1984; Renard, 1985). Thus, the cogency of 6>C as a
stratigraphic indicator (Scholle and Arthur, 1980; Letolle and
Renard, 1980; Renard, 1985, 1986b; Shackleton, 1986; Shackle-
ton and Hall, 1984; Weissert et al., 1979, 1985) is further con-
firmed at this hole. A major isotopic break is at the upper/
lower Aptian contact, and a second one is within the uppermost
Barremian. The uppermost Barremian negative shift could be a
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marker, which is better defined at sites with a more extended
Barremian section.

Evolution vs. Depth at Holes 638B and 638C

Oxygen

Values of §'30 increase slightly from 191 mbsf (— 0.78%o) to
212.20 mbsf (—0.13%o) (Fig. 2). This part of the curve generally
corresponds to the trace element geochemical zone I described pre-
viously. Below 212.20 mbsf, §'*0 decreases weakly to 261.10
mbsf (—0.54%); this interval corresponds roughly to trace ele-
ment zone II. A sharp negative excursion occurs from 261.10 to
298.30 mbsf (— 3.08%o), which generally corresponds to geochemi-
cal zone III. The 8'%0 curve shows another increase (—1.22%
at 336.25 mbsf), with a high negative value at 344.80 mbsf
(—4.88%q). In the lower part of the hole, mixing of calcite and
dolomite in the samples has resulted in more complex data for
which it is difficult to identify a general trend.

Carbon

A minor negative excursion occurs between 191 and 212.20
mbsf (+0.97%o at 200.70 mbsf), below which §'*C remains gen-
erally constant, with only a slight increase between 215.90
(+1.55%0) and 289.45 mbsf (+ 1.78%0) (Fig. 2). In the lower
part of the hole the carbon isotope ratio decreases drastically to
—6.01%g at 353.97 mbsf. As for 6§'*0, we can observe a large
variability in 6'*C in the Hole 638C samples (from + 2.25%o to
—3.97%o; sideritic samples show positive values whereas the
other samples have negative 6'3C).

DISCUSSION

Trace Elements

Because the majority of chemical elements are not directly
precipitated from seawater, they are removed from the ocean
by various processes of coprecipitation (coprecipitation sensu
stricto, adsorption, and occlusion) in major minerals such as
carbonates. Whatever the mechanism (for details see Renard,
1985), a relationship exists between the trace element content of
a carbonate and the concentration of this element in the water
in which precipitation takes place. For example, this relation-
ship for Sr can be written (Holland et al., 1963)

(Sr/ca)ca.rbonﬂle = KSI(Sr/Ca)walen
where K is the distribution coefficient.

The potential thus exists to derive a seawater chemical pa-
rameter through a chemical parameter of carbonate. However,
the actual distribution coefficient depends on numerous fac-
tors, including the mineralogical nature of the carbonate, the
temperature of precipitation, the crystallization rates, and the
biological fractionation.

Despite these variables, biogenic carbonates record the phys-
ical-chemical variations in their environment. Pelagic carbon-
ates provide the most suitable material for such research be-
cause (1) the restricted number of CaCO;-producing organisms
(mainly planktonic foraminifers and nannofossils) limits biolog-
ical fractionation problems (Renard, 1985), (2) all these orga-
nisms produce low-Mg calcite (Milliman, 1974), and (3) diage-
netic perturbations are minimized in the pelagic realm (Renard,
1985). In Hole 641C, there are numerous layers containing dis-
placed shallow-water benthic fossils; some of this material may
have been included in samples used in the study.

Because burial diagenesis leads to a loss in Sr (Veizer, 1977,
1983; Baker et al., 1982; Renard, 1979; Renard et al., 1979a,
1979b), the generally positive downhole trend in Sr content ob-
served at Hole 641C clearly shows that Sr concentrations at this
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hole are not controlled mainly by diagenesis. This suggests that
the Sr content of pelagic carbonate reflects, at least partially,
seawater Sr/Ca fluctuations. In Hole 638B, Sr content decreases
with depth. That these two holes, with approximately the same
sediment load, have opposing relationships of Sr content with
depth also argues against late burial diagenesis having a signifi-
cant influence on the geochemistry of Sr in pelagic carbonates.
The comparison of sediment geochemistry from Holes 638B
and 641C clearly demonstrates that the evolution of pelagic car-
bonate Sr content cannot be modeled as a simple loss of Sr
through time. This is also confirmed by the positive relationship
between Sr and Mg contents observed in Holes 641C (Fig. 3)
and 638B (Fig. 4). These Sr-Mg correlation graphs permit a
good stratigraphic discrimination of the samples. A positive re-
lationship is typical of sediments deposited during the Early
Cretaceous, one of the few periods for which Sr and Mg pelagic
carbonate content curves fluctuate in the same way. For most of
the last 140 m.y., Sr and Mg contents have varied in opposite di-
rections (Renard, 1985) (Fig. 5).

The behavior of Mn during sedimentation is more intricate
than that of Sr and Mg because two phenomena can occur.
First, there can be variations in the supply of Mn (continental
or hydrothermal). Second, the oxygen content of the environ-
ment can vary. In reducing environments Mn coprecipitates with
CaCOs; in oxidizing environments Mn bi-oxides can precipitate.
Therefore, reducing environments lead to formation of Mn-
poor carbonates whereas oxidizing environments lead to forma-
tion of Mn-rich sediments.

Although the Mn content of pelagic sediments thus reflects
these two phenomena, the most important control is the fluctu-
ation of hydrothermal activity (Edmond et al., 1979). We postu-
late that Fe/Mn ratios greater than 1 are characteristic of a con-
tinental detrital supply (soluble) and that Fe/Mn ratios less than
1 are characteristic of a submarine hydrothermal supply. Thus,
geochemical zones I and II (upper Aptian-Albian) in Hole
641C were influenced mainly by hydrothermal activity, and
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zones III and IV (Barremian-lower Aptian) were controlled by
the continental supply (Fig. 6). This relationship has been ob-
served in sediments of the same age from Holes 398D (Vigo
Seamount, DSDP Leg 47B; Renard et al., 1979a) and 400A
(northern Bay of Biscay, DSDP Leg 48; Renard et al., 1979b).
In Hole 638B, most of the samples are influenced by the conti-
nental supply (Fig. 7). Only a few samples of Hauterivian age
(Cores 103-638B-30R and 103-638B-31R) have Mn/Fe ratios
larger than 1, which could reflect a weak hydrothermal influ-
ence.

Stable Isotopes

The utility of 8'0 data from bulk carbonates is controver-
sial. For example, the observed overall decrease in §'*0 (from
+0.63%q to — 2.62%0) with depth in Hole 641C (Fig. 1) could be
interpreted in terms of increasing diagenesis with depth. How-
ever, several observations argue against such interpretation. First,
the increase in the amount of sediment overburden at Hole
641C is small (about 100 m, between Cores 103-641C-6R and
103-641C-16R). Second, 6'30 becomes heavier in the deepest
part of the hole (from —2.62%o in Section 103-641C-16R-3 to
—0.87%0 and —1.95%p in Sections 103-641C-16R-6 and 103-
641C-16R-8). Finally, the inverse correlation that exists between
the oxygen isotope ratio and Sr content (Fig. 8) is inconsistent
with a diagenetic explanation.

These facts suggest that the main part of the bulk pelagic
carbonate §'30 evolution record represents the paleoceanographic
conditions (temperature and/or seawater 6'*0 variations). This
observation is in agreement with observations of Clauser (1987)
on Upper Cretaceous sediments from various European pelagic
outcrops and DSDP sites.

The more complex 880 data from Site 638 exhibit a sharp
negative excursion (to —3.08%0) from 261.10 to 298.30 mbsf
(Fig. 2). Similar negative values have been found in Hauterivian
sediments from Hole 391C by Letolle et al. (1978) and Schuber
(1984). A very negative value (—4.88%g) occurs at 344.8 mbsf.

Zone IV
Barremian

Zone Il
lower Aptian

\ Zone |l

i upper Aptian

Zone |

Albian

i —

T T T T T T

2000 3000
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Figure 3. Relationship between Sr and Mg contents of carbonates from Hole 641C.
This positive correlation seems to be characteristic only of pelagic sediments of
Early Cretaceous age. Geochemical zones I-1V described in text.
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Figure 4. Relationship between Sr and Mg contents of carbonates from Hole 638B. Geochemical zones

described in text.

Values of about — 5% have also been reported in Hole 391C in
upper Valanginan sediments by Letolle et al. (1978), with an in-
terpretation as a climatic event (Schuber, 1984). For Site 638, the
linkage with a very negative 6'*C (—6.01%o, as opposed to a
slightly positive §'3C in Hole 391C) leads us to interpret this
value in one of two ways: either as a result of the supply of ma-
terial from restricted basins with continental water influences
during sedimentation and/or diagenesis (this agrees with the
turbiditic nature of the sediments and the presence of terrestrial
plant debris; see “Site 638” chapter; Shipboard Scientific Party,
1987a) or as a consequence of a hydrothermal influence through
the sediments.

The relationship between §'®%0 and Sr content casts light
upon this problem (Fig. 9). For Aptian to upper Hauterivian
samples (from 191 to 261.10 mbsf; i.e., trace element geochemi-
cal zones I and II), there is a negative correlation between the
two markers (Sr content increases as 6'30 decreases). This con-
firms that, at least for the upper part of Hole 638B (as in Hole
641C), Sr content and §'®0 data cannot be interpreted in terms
of diagenesis.

In the lower part of the hole, the data are more complex. For
lower Hauterivian to upper Valanginian samples, the correla-
tion becomes positive (Sr content and §'®0 both decrease).
Moreover, the plotted data from the lower part of Hole 638B
and from Hole 638C can be divided into two groups (Fig. 9),
one that corresponds to the samples with dolomite and one to
the samples without. For the same Sr content, the difference in
8'%0 is about +1.75%o. The higher values of §'®0 for samples
with dolomite, as opposed to pure calcitic samples, agree with
the known relationship of fractionation between dolomite and
calcite (8yo1omite — Oearcite Tanges from about 3%, to 6% at 25°C;
Land, 1980). But because the dolomite content of the studied
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samples is low (from 0% to 25%), the explanation cannot in-
volve a simple mixing of two mineralogical phases. The pres-
ence of 10% dolomite (as in Samples 103-638B-35R-5, 112-114
cm, and 103-638B-3R, 25-27 cm) could bring an increase of
only about +0.3%0 to +0.6%0 in §'%0 and not the observed
charge of 1.75%e. This suggests that the calcite from these dif-
ferent samples is not of the same origin. The occurrence of
high-temperature diagenetic calcite (and/or related low isotopic
ratio interstitial water) is probable in Samples 103-638B-38R-5,
112-114 cm, (6'*0 = —4.88%0) and 103-638C-10R, CC (14-16
cm) (5'%0 = —6.92%0). We also note that the oxygen data from
Hole 638C show high variability (from + 1.89%0 to — 6.92%),
with the lone positive value related to a sideritic sample.

Bulk carbonate §'*0 values from Valanginian samples from
these two sites agree with those reported by Loreau and Cros
(this volume) from pure mineralogical phases (8'%0 between
+3.08%0 and — 10.3%o). Negative 8'*C values, which are on the
order of those found by Kelts and McKenzie (1982) in DSDP
Sites 475 to 480 (Gulf of California), lead us to think that at
least part of the dolomite and associated calcite from the bot-
tom of Holes 638B and 638C could be diagenetic, having origi-
nated from the degradation of organic matter in anoxic pore-
water conditions.

OCEAN CHEMISTRY FLUCTUATIONS DURING
THE EARLY CRETACEOUS

Although there are some stratigraphic problems, the sedi-
ments recovered during Leg 103 provide a good record of the
geochemistry of Lower Cretaceous pelagic carbonates, which
allows us to reconstruct the chemistry of the ocean for this pe-
riod. Using the time scale from Odin (1982), Leg 103 trace ele-
ment data are plotted vs. time in Figure 10. We note that there is
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scribed in text.

excellent concordance between the curves from Holes 641C and
638B. Because of the presence of dolomite and anoxic pore-wa-
ter diagenesis in the lower part of Hole 638B, Valanginian sedi-
ments cannot be used as reliable recorders of paleoceanographic
conditions.

Trace Elements

Strontium

From the lower Hauterivian to Barremian section, the Sr
content of pelagic carbonates increases, at first slightly in the
Hauterivian and then drastically in the lower Barremian. In
contrast, Sr concentrations decrease, from the Barremian/Apt-
ian contact to the Albian. This suggests that a seawater Sr/Ca
variation occurred during the Early Cretaceous. The ratio is
moderate in the Hauterivian (with a small decrease correspond-
ing to between 115.5- and 114-m.y.-old sediment), high in the
Barremian (with high variability in the upper part of this stage),
and decreased in the Aptian, whereas it remains low in the Al-
bian.

This pattern confirms the previous results of Renard (19835,
1986b) although the Sr/Ca ratio decrease observed for the Apt-
ian is more progressive than previously thought. Seawater Sr/Ca
fluctuations are mainly controlled by seawater Ca concentration
fluctuations, which depend on hydrothermal activity at mid-
oceanic ridges and on variations in the magnitude of carbonate
sedimentation on the continental shelves.

It appears that from the early Hauterivian to the latest Bar-
remian, seawater Ca content decreased, leading to large seawa-
ter Sr/Ca ratios. Kazmierczak et al. (1985) used paleontological
data and Renard (1986a) used geochemical data to postulate
that the ocean is periodically “poisoned” by Ca and that car-
bonate sedimentation plays a role in “detoxification.” The evo-
lution observed for the Hauterivian-Barremian corresponds to
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such a detoxification interval. Whatever the mechanisms respon-
sible, the Barremian appears to have been a period of chemical
crisis that may have separated two chemical modes of the ocean:
(1) an old ocean in which Ca fluctuations are mainly regulated
by netritic sedimentation and (2) the modern ocean, beginning
in the late Barremian, in which Ca fluctuations are regulated by
pelagic sedimentation.

We also note the high stratigraphic resolution of pelagic car-
bonate Sr concentrations. Not only are all stage boundaries ob-
vious on the Sr curve, but also, smaller stratigraphic units can
be distinguished on the basis of variations in Sr content (e.g.,
the upper Hauterivian) or from breaks in the slope of the curve
(e.g., in the lower Aptian).

Magnesium

For the middle Hauterivian (117 Ma) to the upper Barre-
mian, pelagic carbonate Mg content remains high (between 2000
and 3000 ppm). It is difficult to know if the low content in the
lower Hauterivian is real or if it is an artifact due to anoxic
pore-water diagenesis. Data from the previous work of Renard
(1985) do not permit resolution of this uncertainty, but Schuber
(1984) reported a similar decrease at Hole 391C. For the upper
Barremian to the Albian, Mg content decreases to concentra-
tions of less than 2000 ppm. This state of low Mg content con-
tinues to the Recent (Fig. 5). The Barremian appears again as a
chemical crisis period. Before it, seawater Mg/Ca ratios were
high; after it, ratios were low.

Fluctuation in the Mg/Ca ratio in seawater is an important
observation related to carbonate sedimentation because seawa-
ter Mg/Ca is (along with atmospheric CO,) the main factor in-
volved in regulating the mineralogical nature of inorganic CaCO,
(Sandberg, 1975; MacKenzie and Pigott, 1981; Wilkinson and
Given, 1986). High seawater Mg/Ca ratios favor the formation
of aragonite whereas low Mg/Ca ratios favor the formation of
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Figure 7. Relationship between Mn and Fe contents of carbonates from Hole 638B. Geochemical zones described in text.

calcite, although new experimental data from Burton and Wal-
ter (1987) show that calcite growth is principally favored by low
sulfate content. For biogenic CaCO,, regulation by seawater
chemical composition is, without doubt, not as important,
though we think that seawater chemistry led to the development
of the biological groups that made the particular mineralogical
form for their tests. Furthermore, we note that carbonate sedi-
mentation was mainly neritic (and consequently aragonitic, with
a great development of reefal and parareefal constructions) dur-
ing the Late Jurassic and Early Cretaceous when seawater Mg/
Ca was high. On the contrary, pelagic carbonate sedimentation
became dominant (and consequently calcitic) since the Albian,
when seawater Mg/Ca was lowered.

Manganese

For the lower Hauterivian to the Barremian, pelagic carbon-
ate Mn content greatly decreases. As stated previously, the rela-
tively high values for the lower Hauterivian could reflect the be-
ginning of a first phase of hydrothermal activity (very low val-
ues for the upper Valanginian could be the result of diagenesis
in anoxic pore-water conditions). For the Barremian to the up-
per Aptian, Mn concentrations increase, and the upper Aptian
shows a very high content reflecting intense hydrothermal activ-
ity. Because of the decrease in supply and the reducing condi-
tions of the ocean, Mn content is again low within the lower Al-
bian.

Iron

For the lower Valanginian to the lower Barremian, Fe content
is greatly decreased. This corresponds to a decreased soluble
supply from the continent. In the upper Barremian and the lower
Aptian, Fe concentrations of pelagic carbonates are slightly in-
creased. We think that this reflects (as with Mn) an increase in
hydrothermal activity at the rift axis or oceanic ridge. From the
upper Albian, Fe concentrations remain low and as Mn content
is higher, which suggests that hydrothermal Fe (which would
precipitate before Mn) did not reach the site location while the
more soluble Mn was available.

Stable Isotopes (Fig. 11)

Oxygen

In the lowermost Hauterivian, it is difficult to distinguish the
roles played by diagenesis and by climatic change in the §'%0
trends. We interpret a slight cooling of the climate for the late
Hauterivian, and from the latest Hauterivian to the beginning
of the late Barremian we infer a rapid warming (about 9°C in
1.5 m.y.), if all the §'30 variation is interpreted in terms of tem-
perature. During the late Barremian, Aptian, and earliest Al-
bian, temperature would have decreased again, but only to a
level warmer than during the Hauterivian. Thus, the Barremian
is not only a critical period for ocean chemistry but it is also a
period of intense climatic fluctuations.
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Values of 6!*C are generally stable from the upper part of the
lower Hauterivian to the lower Aptian. Yet, we can observe a
negative excursion within the lower Barremian followed by an
increase within the upper Barremian. These fluctuations seem
to be controlled by organic-matter production, which is linked
with sea-level changes (Scholle and Arthur, 1980; Renard, 1985).
Related to anoxic conditions in the ocean during the late Aptian
and Albian, §°C greatly increased to reach the highest values
observed for the last 140 m.y.

CONCLUSIONS

Chemical analysis of Leg 103 sediments suggests that dia-
genesis has played a minor role in the geochemistry of the pe-
lagic carbonate and that a major chemical change occurred in
the ocean during the Barremian. The principal Early Cretaceous
chemical events recorded by Leg 103 sediments and potential
paleoenvironmental events deduced from the data are summa-
rized in Figure 12.

From the Valanginian to the Albian, the CaCO; sedimenta-
tion budget is strongly modified. Neritic sedimentation greatly
decreased while pelagic sedimentation increased; this change
was concomitant with a change in ocean chemistry. Up to the
Barremian, aragonite was the CaCO,; mineral form preferen-
tially produced, but from the Aptian-Albian it is replaced by
calcite (as deduced from the Sr and Mg curves).

From the early Hauterivian to the earliest Albian the sea
level rose eustatically, although a rapid down and up fluctuation
seems to have occurred during the Barremian (from 6'*C and Sr
curves).

The climate cooled slightly during the Hauterivian, abruptly
warmed during the Barremian, and cooled again during the
Aptian (from the 6'0 curve).

Soluble supply from the continent decreased greatly during
the Valanginian-early Hauterivian while oceanic hydrothermal

Aptian to
upper Hauterivian

lower Hauterivian
to Valanginian

Sr (ppm)

Figure 9. Relationship between Sr content and 6'%0 of bulk carbonates from Hole
638B. The correlation is negative for Aptian to upper Hauterivian sediments and
positive for lower Hauterivian to Valanginian sediments. Note the difference be-
tween pure calcite samples and samples with dolomite present.
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supply increased. Two main phases of hydrothermal activity on
the regional mid-ocean ridge system seem to have occurred dur-
ing the early Hauterivian and during the late Aptian (from Fe
and Mn curves).

Because these conclusions are deduced from geochemical data
only, the next step will be to test this scenario by comparison
with other geological information, which will be undertaken in
a later study.
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Figure 12. Schematic evolution of geochemical events recorded by carbonates from Holes 638B and 641C and hypothetical paleoenvi-

ronmental events deduced from them.




